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, PREFACE i ‘
[ ) e .. -

During the first year development of the.graduate level course, "Active .

.Remote Sensing of Natural Resources'", a set of course notes were prepared

! L .
for use by the instructor. The second year this course was taught, the notes

e
were expanded for use by the students and the-instru¢tor, This expanded: set

of course notes is contained herein. Eventually these notes will be used to

prepare a textbook on th;\ﬁubject.

- - [ 4

Certain sections of these notes are quite complete, with descriptive

text, illustrations and problems. Other sections are-little'more than a

E

detailed outline with disconnected comments. The student will find it nec-

-

essary, therefore, to attend lectures and/or study the references £iven to

obtain a thorokgh knowledge of the subject. , T
) 4

- 7 ‘ -
v The course, and therefore these motes, has been prepared for the
. ’ .

natural scientist with little background ;ﬁ.electromagnetic (EM) theory:
: , o
An electrical engineer could probably skip by the first four sections and

delve immediately into the later matérial. Enginepfs who have taken the

coyrse, however, have found a review of this material beneficial, and have
. - . =3
. - A
found some new concepts to be of value. The natural ‘resource s¢ientist
3 , v

[4

may find the'EM theory somewhat onerous and initially con?using. Our

7

r . -
. . emphasis is on the concepts, not the mathematical detail, howeverj and we

.« &

believe these concepts are vital to-an ynderstanding of active remote sen-

sing systems and the data they produce.
\ i T "
hd
Numerous examples of radar imagery and other data are used in teach-

. - .

ing 'this course. These ‘materials.could not be included in these notes but -
. L JENE “ ' A ! . .
2;?* are available to those attending ‘lectures. Some of these materials can be

made available to others ‘upon request.
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Actiye Remote Sensing ) . \
of LI

* s
Natural Resources .

H , [
.

INTRODUCTION TO -THE SUBJECT .

' . ! .
Active remote sensing denotes those ?ethggs or systems which generate

¢

the electromagnetic energy "illuminating" the target or resource to be .

-

detected. A §earchlight, probing the sky for airplanes, is just as much

an active remote sensor as is a radar system. Most active systems, how-

- .

ever, operate below the visible and infrared frequency range. - We find,

therefore, that dividing the subject of remote sensing into active and
passive systems, results in a frequeqcy/wavelength'division centered at
about 1012 Hertz/300 micrometers. In otheg wdrds, most active systems

- 9
operate helow 1012 Hertz and most passive systems operate above this

frequency, which corresponds to a wavwelength of 300 micrometers. An
!

- important exception to this division are the passive micrqwave systems

which we will be considering in this study.

hd o =

1. 1. Remote Sensing Defined o
. ! , 4 -
1. Remote sensing -is the detectipn and use of energy, waves or

shbstadces emanating from obj%cts or materials.

2. Remote sensing of enviromment is defined as the utilization
4

of various systems that bring us information at a distange

"

.

concerning physical-chemical phenomena. |
| = }

Examples . ) . -

Eye-Brain System

’ ’

Our eyes and brain form the best remote sensing gystem in

existance. %hey providé information concerning location, size,
. A

9 N -
.
N .
B
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’ <, . :

L) , N ]
color, material type; and through information storage, comparison

)

and pattern recognition within the brain, complete identification ' {
. may be possible. This is a passive system which detects EM energy
L3 L 4 . 2 °

which is radiated or reflected from the objects seen. The brain . ~

L '

uses or interprets the energy detected’ by the eyes. : :
. B -

r
SN . The blind person must touch an object to know of .its existence, .

“«

! to identify it, etc. He must even touch to read. He may, however,

‘develope his ears and brain to form a poor substitute remote sen-
A

]

sing system. o . . .

The Bat's Sonar System

* ‘.
0y

Somé bats use an active remote sensing system to detect and

. ~

identify: objects. They eﬁit high-pitched, repetitive squeaks,
~ (the source) which are reflected by nearby objects! *From the

echoesy the bat can determine distance and apparently something .

about the nature of the object.

-

. ‘ . ‘f".‘)
Note »> [

0 A - N
Nature has provided very few active remote sensing systems

\B&t\fﬁf/pa:>provided many passive systems. .
. Table ‘. 1. compares methods for finding skunks and uranium ’

» .

ore to further define remote sensing and to compére remote with

direct sensing. Note that the detection of gamma rays from U3O8

r

with a down-hole device, does nof qualify as a remote sensor since
- théadevice i8 in close proximity with the material being detected.

‘ >

. . o v . . . = - . ' * @

SA
|
f

bl § «
t
!
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TABLE 1. 1. Ty \ .
: ., \ /
N\ ' REMOTE SENSING COMPARED TO DIRECT SENSING SYSTEMS

Target "+ Sense ° Emanation Type .

Skunk Smell : OdorousQ!iquid Remote . .
1 ‘\ . ) *

. N U308 ) Spectrometer Helium @ Remote
. (surface or
airborne) -
/ . e \
Skunk Touch None used - Direct '

(long pole)

U,0 Radioactivity Gamma rays Direct

38 (down-hole)
s U308 Drill cuttings None used - Direct .

What should'you expect to learn from remotely obtained data

Often: Remgte sensing systems tell you part of what you would

&R
, know 1f you were on.sitc. )
Sometimes: They tell you everything that you could determine on '
‘ \ -
- _ . site.
. Occasipnally: They will tell you more than you-can detérmine
R . (Feédily) on sige. ‘ ) - . N
Almost Always; The ;emote sensing system will coliect whatever : .
' re data i;’does provide more rapidly and at lowe£ cost than the same
. «{" ’ C . -
' daté’EﬁIIEntes Py Qirect ?ethods. ‘
. .‘Qf\ ‘ .Soﬁe geheral commentg about data.£nterpretation o 5 . - -
Ig.is‘worth_noting.that thé humgn eye and brain are an /
i .ﬂméor;an; part of mo;t oafatintegpretation systems. Not in the ' S
' sense of just reading qeéul&g, bdk more,often.than‘not, the eye-
‘bgain é?stem does some of- the data pFocessigg; e.gv, smoothing,
averaging,.integrati;g, néise reduction, etg. In addition thg
< Q .

“ERIC ' g :; - I, ' ‘

- >




1.

2.

Section 1

final interpretation ofsthe results is usually done by the eye-

brain system. Computer processing and+data interpretation are

playing an dncreasingly important role, but they almost always

require some assistance from the human Only when the computer
f ‘ -

system reaches" the point that it prints%ut full.g%entifying

dat;‘can we say that we have eliminated the need.for‘the éye-

)

brain system. Except in rare-cases, this may not be possible or

.

desirable. : -

Do not sell shaqrt, however, the value of the computer to

+

handle lakge quantities of data and to put it iato.a form which

makes it more "visible" and meaningful to the eye -brain.

Applications of Act1ve'Remote Sensing Systems ) P

ha

Qpe of the primary aims of this study is the preparation of

?

a student to make his own judgment of the value of a remote sen-

ging system for a particular application: Some of the general

’ - 1 4

-

considerations which the student should keep .in mind‘throuéhoug '<i

-

his studies are listed below. . ‘ . : —

1. Sensors should be applied to a natural resource problem if:’
. .
a. Direct samples of the material are not required.

b. The nfoggation needed can be obtained from a operty of

-

" - the material aéfecting the phenomena detected ‘ (see Table

3 7 .

.

. 1)), .
The sensor “can Usee" through interference, e.g., clouds,
./\ ' ) ‘. .

foliage, overburden. < o © e

The interpretation ofthe data is unambiguous (relatively)

The cost is/reasonable compared to the value of the natdral
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. ~ . - . . B resource and compared to the cost of other data collection
@ R ‘ techniques.' //5 - . ’ ;i
o - . ’ \2.:.Remotereensed datq\frouﬁaircraft‘or apacecraft areﬁparticularly :
2, - C -/ véluable if:A " . ‘ “k' ”
. f.v - " . é._ The problem is on & regional to global scale. - . A

b. Képeated obSeruwations can detect time-dependent changes.

c. The process is economical.
. : > Jecot

3. Multiple sensors:

’ —

< - a. May be requjired o reduce ambiguity.

b. Will be most valuable if "they 1etect phenomena related to

' . PN

. °

"* .different properties of the materials. (See Figure 1-1).

»o

The'mamerial'presented in this section should be briefly per-

g

used now to obtain a /'feel" for the systems and their application.
ThHe reader will want to refer back to this section later, however,

to see how well these proposed applications are supported by

«

\

analyses of the systems and the targets.

\.\ e - . ~ ! J,L’;
1. 2. 1. Side Look Radar

a. SLR is capable of seeing ihrough clouds. This is
particylarly valuable in regions having clood‘cover
.a high percentage of ‘the time. Darien Province,
N Panama‘(lO 000 sq. km.) was covered in.six hours ~
o .“ flying time (six operating days), whergas, during a
. "15 year period, only 40 percent of the Province.
had been photographed. : _ . ’ew
f 1 . b. The ufiiform, constant illumination a£f6rded§by'thie

active system results in certain advantages over ’

R
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- ¢ - photdgraphic images. - a
. - .
. . , - - . : ’
) r’} c. The system is very good for large, reegional’coverage,
’ ) . o ) ~ af
) particularly because of the uniform i1lumingtion.
’ ) " d.. Studies of geologic structure have.béen quiEe effe?xive.
' . e. , SLR sees through foiiage, sometimes mo;e‘effective%i\‘/
) o than others. ' . )
PN . ' ? ;
S ? ' f. SLR is generally too expensive for surveys covering '

less than 1000 squafe niltsa Exception, oﬁ course, .

. \ . - 1
-

; x : could occur; for instance, areas continually cloud
! ’ .« ° covered might not B mappabia\aﬁy other- way. ‘
. . ' g. Use of vertical and horizontal -polarizations of the ﬁ
‘ 9 - : .

. . - .

™
- . scattered energy may result in unique interpretation.

b < ow . 1. 27 2, Microwave Radiometers :

«

R ‘.a. These passive systems alsoiiie through clouds.

- Fhs
A v b. Because-of the lower frequency, compared to IR, the .
': N . - R "y
5. temperature below the surface of objects 1s seen. Co.
TP . A po 1 o R . ) .
. .v. Y. Theé overall, effective temperature of an entire tree -
‘ \ s - ’ -&J s %) ' e ~
. . A
s, nd>» or fdrest may be seen. . : .
‘ ,_;” . . > .
’ ¢ 25 -This system has been used effectively for vulcanolégy *
S T . & -
T ) and fault location work.
° . - . + » Y o .~
. ’ . : d. Resolution is(fjt too good and is ane of the more
‘ ® . N . »
. f A R ° .
i . “ . : significant limitations of these radiometers. . ¢ ‘
/, v« Lo 2. 3. Low Frequency (LF) Systems o co S
0c . o< - a, These systems typically see to depths of 10's to
100's of meters.
' ;
. : ' ’ . (
r tLe b. Their depth of penetration makes LF systems particularly )
o \ ugseful for mineral exploration.
: o ’ ‘ " o,

Fulr doa by ric [ig - . .
£ . . : h
. . - .
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: .
. . . ¢ - N .

. o ‘c. May be useful for study of subsurfacn\geologic
- ' ” structure. R ' )
. ~ -

d. Application has been made for ﬁapping of.éﬁb— /, .

. . a .

ot - ‘'surface groundwater. -~
- . ‘ e. These systems do not form images, the data is -
B N LT . >
o -t T , . ejther obtained ;;Iﬁtingpdint or as individual

. e ,
,‘ ) "° -+ scan lines across the region of interest.

-
"

S~

L

~ 1. 2. 4. - Checkerboard Guesstimates

Several checkerboards have Qeen made which show o—"

¢ posed,\anticipated or potential applications of “various .

"remote sensing systems.’ These are reproduced’ on Figures

'S

1. 2, 1. 3, and 1. 4. These represent, at times, experi-

ence, theory and éuesses. Some disagreement will be . -

‘found between these checkerboards, and they all should be
) * - taken with a grain of salt, until éxperience or good .

* " theory can be used to support these projections. As

L 4
. / .
. . the student becomes more familiar with the systems, and
' ]
: ; Gith natural resource parameters, he will be able to sipport
4 N \ } N .
¢ or refute some of* the guesses.

- ¢

1. 3. Approach and Aims. of This Study

4

Historically, much remote sensing data has been taken to "sell"

-~

’

remote sensing.s NASA, for instance, has sponsored the collection of

thousands of miles of side look ‘'radar images. These images were -

2

then given out to various organizatiohs and individuals for evalu-

- .1
ation. Ground truth was virtually nonexistang; and the evaluations
) ; T ’

for the most part were very perfunctéry. .
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~

Industry has taken a similar approach. In effect, their

gﬂg

callfng cards read, "Have.Radar -= Will Travel." From that point

on, its up to the buyer to call the shots. Industry-has even

S i
gone so far as to fly areas on a "wildcat".basis, in the hope

the imagery would be marketable. 7Jhe entire Vancouver Islan&

]

has been flown and the-pesuitant imagery can be obtained at about

. s o
A

$5 per square mile. : : .

v
\

Scientific development has always consisted of alternate

a

surges of experimental and theoretical advances; but without
LI
both, development will cease. rSeveral of the key speakers at the

" 7th International Symposium of Rémote Sensing (L871) expressed

» ~ b
* concern over the lack of the development of theories to support

'experimen;al results. .The field of remote sensing is long over-

due, at least in terms of effort expended, for' this change in

direction: This course of §tud§ is designed to help you to be-
come prepared to éssiet in this effort. .K . .
Advances in the field of remote sensing must have multi-
disqiplinariags. It’is.qot sufficient for the engineer to desige
systems without regard for the needs_of the-forester or agr}cul—

turalist. Nor is iF sufficiene for EPe resource manager to call
for the tuse of syste@s or the development of new systems ﬁiiho;t'

a knowledge of the basic physics involved and the limitations
imposed” by herdware and the real wofld. This course is an ateempg,
however feeble, to bridge the gap. The engineer will not become

'a‘resource manager as a result of this study, now will the forester

turn into an engineer. Both will be better prepared to assess the
4

16
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v

proper apﬁlicaéionvpf active remote sensing systems to the collec-

tion of natural resource informatior. Both will be able to par-

a »
[

ticipate more effectively in research to advance the state-of-the

art, They willJéﬁeak and listen 'to each other with greater under-

. k)

sggnding. . ] L .

We have included, thgrefore, a short course in elgctromagnetics,

end a reviewrof the electromagnetic properties of natural materials.

- -

With these“tools we study the interaction between natural resource
: . |

targets and the EM energy from acbivensyétems. Finally, we examine

typical images or other types of data énd attempt to understand tﬂe

experimental results in terms of the natural.resource properties.

A}
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2. BASIC ELECTROMAGNETIC THEORY - -

> . A general qﬂaerstanding of basic electroﬁhgneg&c quo

\is necessary
for a full appretiation of the interaction of qgtural resources and elec-

tromagnetic (EM) fields. Similarlyy an’ appreciation of this interactign

theory, we recommend Haytl 1958, and Jordan, 1950.

¢

2. 1. Electric Charge —- The EM Field Maker

1. All electric charge’ comes from electrons or iong. Charge of

T ¢
Qe = 1.60;9 x 10 coulomb,

. . 7.
Ions have a charge of multiples of Qg.. B

e s ! an electron: - I
» Al . Y. :

) . . * )
2, All EM Fields originate from:

? -
’,
3

a. Ch;rges at Rest -- Static Flectric Fields 4
- b, "Charges in Motion -- Magnetic Fields and Electric Fields
) A magnet results from’electrpn Ep;ion with;p the atoms, the
earth's magnetic fiéld r;sultg’from electric current wighin
’ the mantle and core. G" e | ' ‘ '
. c. Charges in Mdtion14Yarving4Wfth Tigg:—; Electrgmagnetic Fieldg_j
) S .
o And Waves .
3. Once generated, a radiating EM Field 1s° gelf perpetuating. R

This results from the fact that a changing electric field, —

. s . L} }
‘o .
.
.
, . .
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¥
dE, generates a magnetic field and a cﬁanging magnetic field,
dt . . .
* dH, generates an electric field. Henc%’ the.eleqtric and ’
dt )
magnetic fields regenerate each other as an EM wave pro-, ;

R

’

. pagates through space (or any medium).

v
. Elegtro Magnetic Units o o

.
¥

. e .
We will use the MKS system of units almost exclusively. Lengths

will be measured in meters, mass in kilograms, and time in seconds.

't

We wdll'show the relétionship'between the units of length, mass,
" ! * .
time, and electrical units. This should :;!o help the student to

— Q °
recognize \Qﬁf we are still dealing with forces and the results of

forces.

Newton's first law might be considered: the defining equation,

Y .
- .

°for force - )
« -F =ma s ¢ (2.1) .
1 where F is‘forcé in new;dns ) l -
m-is mass in kilogr;ms, and i
‘ a is accgleration in meters per second% q\_.
The defining equation for work or energy is
, W = FL . [ (2.2)

.

where W 1s work or energy in Joules and L is length- in meters.
§

Similarly, the defining equation for power is
Pal ' (2.3)
. Ve '

where P is power in watts and t ;sﬂtime in seconds. It will be

~

seen that electric units have been chosen such that a direct unit

for unit relationship with work and power exists. In othérwords,
when computing work and power using electric units,’the constant
[} -

-
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of proportionality ' is equal to one. Thereﬂere, the.équation
for elettric power is

"o P.= VI
r +

. ( (2.4)

. where P is power in watts,,V is electromotive force in volts,

R

N .
and I is electric gurrent in amperes. - , "

Electric current is'the movément of electric charge. By .
Jdefinition, therefore, . ‘
Q=1t : g (2.5)
where Q is e{ectrié cﬁa;gé'in coulombs.

All circuits and all materials offer a resistance tq the
/

movement of charge, i.e., the flow of current. The defining

. - ,

equation for resistanceé is given by Ohm's Law .
. . R=V/1 .o (2.6)
‘where R is resistance in ohms.

-

Before proceeding with our definition of electromqgnetic'

units, it will be inform;tive to show the relationship be-
twée; he;hanical and electrical forces. fhere are no siﬁple
one to ome relationships between electric and mecha;ical
fqrceg,as there are between electric ané mechanical units of
power and energy, because of the basic difference in the
nature of the—forces at work. Mechanical forces aré due to

the presence of mass and mass in motion. Electrical forces
!

are due to the presence of charge and cﬁgrge in motion. For

instance, the qugtion for gravitational force (forces due to

’

the presence of mass) is -
A mInZ\‘
F = G 2 . (2.7) *
r .

24
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* where G is the gravitational constant, mp, ahd my are the masses
of the objects in kilograms and r is the distance between the

. A 3
objects. Note that two one—kilogram’masses starated gne meter

, . . 11 _
exert a force on each other of 6.67 x 10 newtons. The number

11 . - ’ ,
6.&» x 10 is, of course, the gravitational constant. This

constant cannot' be computed frong any theoretical physical con-

siderations but has been determined from experimental measure-
'. v ¥ «f
ments, °

. Similarly, the force between two charges is given by the
. -n * . ‘ i
expression ’ )
. . Q1Q2
: . F =K < . (2.?8)

>

. J ) 9
where K is a c¢enstant equal to 9 x 10 , 'Q;, Q2 are the quantities

Ny

of .tharges in coulombs and r is the distance between the charges

if meters. Note that the force between two charges of one cou-
' 9

lomb separated one meter is 9 x 10 newtons. This is equivalant

to about one million tons. We sge that the" forces associaged

with electric charges are many orders of magnitude ‘greater than

’

the gravity forces associated with mass. .Ii is interesting to
‘ note that the. tremendous forces of sthe atomic bomb are due mostly
. e t

to coulémb forces which result from the splitting of the elettric

charges within the atoms.
- - .\°
We are now ready .to derive the expressions for 81ectric field

“ intensity. An electric field is a force field similar in every

way to a gravity field as evidenced by the similarity in the force

equations (2.7) and (2.8). We express electric field:intensity in’

terms of the change in electromotive force with distance, i. e.,

-

the electric field units should . be volts per meter. ‘We can show

\
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'

the relationship between electric field intensity, E, and the

forces produced by Cha{%iffiﬁ the follo&?ﬁg manner. Fromsequ-

ations (2.4) and (2.5) we obtain an expression for electric ~p
. Y,
power - . .
;e
? -0 (2.9)
¥ -
and from equations (2:2) and (2.3[ we obtéin an éxpression'for ¢
'mechanical power ) .
) p= ik (2.10) -
. t
therefore,
° T~
Yo _FL "
) o . (2.11)
. N ] %ﬁ
and, —_ 2
.V _“’E/\
L - Q (2.1.2)
or o . -
. v
. E = F/Q {2.13) .

Finally, if we cembine (2.13) and (2.8) ,we obtain.the desired

expression for electric field intensity
a -
E = ng
r
<

Now, since many of the expressions of g%%%éer significance

(2.14)

and more frequent use:involve,
AN

over the surface area of a sphere (consider the in\ensity of light

in one way or another, a summationa

. . }

in lumens per ‘'square meter from a point source), workers in this

field have found it more convenient to introduce a l_term in the

yv
expressions for coulomb forces and electric field intensities. 1In
otherwords, we will now let : - _
’ 1 N
K= ;hs : . (2.15)
v " 4 L ] =

.

>,

26
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and ‘we have the more common expression for electric field intensity

from a point charge

N

-Q ) . )
E~ =.-;T-é—r-z * (2. 16) >

¢ t

where € is the dielectric constant of the medium surrounding the

point charge. Since K = 9 x 10% for free SPace we find that ¢

212
-for free space = 8 85 x 10 . . o

.

The student should be aware that electric field intensity, E,

JU——
-

vector quanitity, i.e., it should properly be expressed in
terms of magn e and direction. For the point charges consid-
ered so far the electric field intensity is equal in all directions

. e
and the directionality of the field'haSrn6t~beep gignificant. This

B
s e

is not the case for other electric fierd generators as will be seen

. id

later.

If we integtate (2.16) over the range r, we obtain the

3

expression

) : . ’ Q .
. V = l"nsr , } * (‘2. 17)

4 . ¢
which i;\the,potentiai with respect to infinity at a position r

3

meters from a point‘charge. From this we see that electric fdeld

is the gradient of potential. S

.
.

_ There are not many practical sources of electromagnetic energy

v

which hlg be répresented as a single point charge. We wi/}{consider,

next, therefore, the most common Source of electromegnet Cc energy,

.

- g

the electric dipole: L )

..

- o > #

- The Field of an Electric Dipole

Most electromagnetic dipoles result from electric charge
A S ‘ &

- o’
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. . Sack and forthealong a wire. In order to maintain the continu-

ity and the relative siﬁplicity of our discussion, we will continue
v

. to deal with static electric charges. Although simmlified, the re-

- sults will adequately disclose the electric dipole characteristics

[y

- of importance at this. time. Figure‘Z-l gfc;s the geometry

of the sjtuation. Note that we have pogitive and minus electric
. . ¢ : i

charges Slong the Z axis, equidistant from Ehe'origin.. Using

-

equation (2.17) we solve first for the potential at P: v
Q |1 1 Q Rz - Ry 'l
= — == - = e— 2.18
i yme Rl Rz 4me RI RZ‘ ( )
BN - \ -
- | .
For a distant -point §r~> 10 d) we can simplify equation (2.18) with
. the approximations b .
N ' t
L R; Ry & r?
R, - Ry.~v d coss
\\ ! . P - [y
. 4 o The simplified,exprééqion‘for the potential from an electric dipole
is .
y = Qd cosé \ (2.19)
R ' LTE T ¢ :
* We would like now to obtain the equation'for the electric field '
. intensity'of an eléctric dipole.  From equation (2.19( and Figure 2-1,
\\“( " it is apparent that the electric field from a dipole source is not
dmnidirectional; We will, therefore, need the vector operator V to
l determine E, the gradient of V. In Cartesian coprdina£e§, this is
: /s 3 = 3 - 3 -
3 \ . Vaa-; ax+ 5—; ay+5 52 a, (2.20)

. . .
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In spherical coordinaéef, this becomes N
- 3 4 173 — 1 3
' . V=3 a, + 255 2 + r 8in ® a—; a, (2.21)

3

@

.Becauge of the geometry of the problem, it is easier to compute the
electric field in sphe;ical coordingtes. Subjecting equation (2.19)

to the partial derivatives called for‘by‘equation~(2.21) we obtain

Ea-vv_-;_'(_Qd_&C’_g'_‘i';:,%s—ig__e ;e) ‘(2.22) y

21 r° - r 4re ¥’
- To. ’ . <" ) ) ‘)
which may be simplified to become B
. . . . _ _ ’
) o E -.Z;%—;g (2 cos 6 a_ + sin G ae) (2.23)

' > ‘ ] - /
whee all of the termé have been previously defined or are defined

o

i ’ @
on Figure 2-1. Note particularly that°whereas the electric field

-3
““from a single point charge varied as a function of distance squared,

v "that the electric field from the dipole varies invergely with dis-
.. tance cubed., This is the same variation which we will find later

s _foi The near or electrostatic field from a radiating antenna. Thege

. »

fields are of importance primarily when dealing with very low fre-

3

quency signals, such as used in the. exploration for.minerals. ',
~3

2. 4, The Stea&x Magnetic Field . -

v

. > "Magnetic fields are éenerated by electric currents or charges

. -

in motion. We will not bave a point soﬁrce for a magnetic fieid;

-

thegefore, s%nce it is impossible to haGé current flow restricted

to a single point in space. The student might ,consider the pos-

N -

sibility of obtaining an infinitely small, permanent*ﬁagnet and
. *consider this to be a point source for magretic fields. Even if
we consider the magnetic field set up 5§“é;§ctron rotation about

@%tbe ngclgu; of an atom, we find)éélq:e not ‘dealing with a point

. %& . ot oae " - 29} N ‘ s ‘, .
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source since the movement of the electrons take place over a finite
¢ v .

distance.

Relat{ng magnetic fields to their source and to the basic

mechanical system of units is quite difficult. We shall, there-

‘

afore{'fiﬁd it necessary to accept the laws governing mégnetic fields

©

on faith alone. It is the author's feeling that the student cap

obtain a good underétanding of magnetic fields and their effects

.

without going tthﬁgh a seriésapk rigorous prooés. For’a student
interesteds iti a more ;n-dépth treatment of this subject, we recom-.
mend Chapbe; 8 from Hayt (1958).

The source of the steady m;énetic field may be a permanent

magnet, a direct current, or an electric field changing linearly

with time. Our immediate concern will be the magnetic field pror=

4

N .
" duced by a differential cugrent element. The geometry relating the

‘éurrent element, df, and the differential magnetic fiei&s, dﬁ, pro-

L] . LY
duced thereby is shown in Figure 2-2. e

/

The experimental, law of Biot-Savart states that at any poiﬁt

P the magnitude of the magnegic field intensity from the differen-

tial current element is proportional to the product of the current
- o

;ﬁd the differenfial length. The entire Biot-Savart Law is written

in contise mathematical notation as

"
. ' _ 1di¥Xa = .
We—rwr I 22
or _ Lo . )
’ "= IdLsin® = ' .
dH -—uﬁz— "H (2.25)

-

4 L

where H is magnetic fiel& intensity in amperes per meter- and’ is
. 4 .

perpendicular to the ‘paper and directed into it. Note that the

.
- s,

) .

. . . ~
S .

’ PR . -

EY

. v
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magnetic field intensity for this differential current element is-
’ . yarying inversely with distance squared.: .\\\:
A simple application of the Biot-Savart Law may "be made by ) Do

e . considering the fields produced by steady-state current flow in‘an

{gfinitely long wire. This problem is simplified by redefining the

: R E ‘\‘b geometry in terms of a cylindricaljcoorninate syetem as indicated
ST Figure 2-3.' Equation (2.24) then becomes
\_/Id.z:z-)f(r:r-z:z)

dH = (2.26 .
4m (x2 + 23)3/2 ‘)

" where the vectors and distances are defined by Figure 2-3. Solution

to the problem requires integrationﬂoVer the infinitely long wire

4 ' o

or
' Y 3. Idz a, X (r a_ -z az) * . ,\ "
A ‘ = yp . 22
o ) 4n(t2'+ ZZ)

which becomes

‘o H= , 2.28
: r[ 2+z . (2.28)

Carrying out this integration, we obtain thehresuits

s, . . ) — I N . ) ) ’ .
! . ' ' . = 2n. x %6 ) (2.29)

' , . ~

v
*

which'indicates that the magnitude of the field is'noé.a function
et 7 . . : ‘ . : ‘
-of ¢ or Z and varys inversely as the distance fraom the'infinitely

v - ~ " - long wire, The direction of the hagnetic field intensity ve

of. course, circumferential..

2. 5. Conducgdrsl Dielectrics, and Magnetic Materiels' . T

Electric and magnetic fields exert forces on charges.and ghaxged

particlee'énd'are, therefore, properly defined as force fields.

Al N .
. R
3 ; N . . .
it . . ) T v PR
e (X ., L . ‘31 : . A
. e e W ) . . ’ s
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, | /
Electric fields exert forces on charges at rest or.in motion. Mag-

netic fields can exert forces only on charges in motion. Keep in

mind, however, that the orbit and/spin of .electrons in individual

-

atoms constitute charges in motion. The forces produced‘by the> |
electric and magnetic fiélhé result in movement of the charges.
.This results in the generation of electric aﬂd magnetic flux fields.
In a ¢onducting medium the flux field isfthe current density,
J. This is a 'physically éeal flux consistigg of the mov;ment of

electrons or ions in response to‘the electromagnetic force field.
‘ * 1

If we draw isofield lines representing equ}potential surfaces in

3

the media and flux lines representing the movement of 'the charges

we find that they are everywhere equally perpendicular. This is
1, ’ oo
illustrated in Figure 2-4 dnd is the natural result of charges

szeking the shortest path between positions of differgnt potential.

Although the dielectric and magnetic-properties 'of materials

are a resuit of the movement of charge, this movement is not a
S ' :
continuous flow along flux lines and we find that electric flux

(displacement currents) and magnetic flux are mathematical and

~

perceptual conveniences.

3

We will now discuss the basic characteristics of conductors,

° .
»

‘dielectrics and magnetic¢ materials and their relaﬁion to force and

-

flux fieldss N
2¢ 5. 1. Conductors .
Conductors have free electrons or.ioms, i.e., the

. b ' P -
electrons or iops may move freely about within the mater- \.

ial, whéreas, dielectrics (insulators) do not. e

Just \as resistance is a defined quahtity relating

-

voltage .and current in.a specific circuit or objett, the
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{
'conduétivity,:é/:;/ﬁy-difinition the property of a

// . material relating electric field intensity and cyrrent
N ’ density t
. ' - ' ) o . '

. . - o o =L (2.30)
s ' E . '

- & A

We can obtain additional insight into the significance
of conducfivity ana‘ifs relationship to sﬁecific;mater-

H

{als and circuits throégh an examination of Figure 2-?.

c} For a constant uniform electric field in a homogeneous

medium, the electric force field and current density
field vectors are parailel and are related in magni%ude
¢ by equation (2.30). This is illustrated in Figure 2-5A.
’ Figure 2-5B illustrates current flow through a cylindrical
g ‘rod. The dévglopment of the relationship b;tween the
resistance f?om one end of the rod tof%he other and the
conductivity of the material from which the rod was
v . formeﬁ.is given on the figuré. Noting that thé resistiv-
ity of the'maéerial is the inverse of cond;ctivity we‘can

-

\ express the rdstance across the ends of any cylinder of

- 4 -~

) any material as follows:
- r . w , ‘
oW . - 2 % 3
" R = ——o A = Q-——A . ' (2.31)

]

{3
A~

-

: . where £ is length of the cylindér %n mete;Q, A is the

I - cross-sectional area of the cylind;r in square meters,
"o is the conductivity of the material in\mhos per meter,
and-p-is the resistivitx of the maFerial in ohm meters.

We will refer to the flow of charge through a con-

.o ' ductor as conduction current flow.

o . . . \ . KA -

ERIC - - -
T , * 33 ;

-
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Dielectrics ” -

For a pure dielectric material, there would be no
conduction current flow, i.e., there would be no tranéfer
of charge through the material. Although this pure di-
electric does not exist, there are many materials classed
as éielectrics for which conduction current fi?w is nggli-
gible. The ;lectnic charges in a dielectric undergo a
physic;I displacement resulting fromﬁg force of an electrié

"field. This d%splgcement of.ihargg (called displacement
current) results in a polarization of the material, i.e.,
the charges are displaced or oriented such that the mater-
ial exhibits an electric polarity opposite to the electric

force causing the original displacement. The subject of ,
polarization will be treated in great detail in later \\
gections.

We now introduce the fictitious .electric flux density

which is defined by the expression

D=¢cE ., (2.32)
where D is electric flux density.in coulombs per meter
squared. It is ;bg;rent from the units of electric £lux
densiéy that we can élso express it in terms of the charge

per unit area on the surface of the dielectric: a

b e

This surface.charge is not the same as the surface charge

AN

on a conductor, for the latter consists of the prééence
or absence of free electrons. The effect oﬁ this surface

charge, however, is just the same as that of free surface




&
P

2. 5.

Capacity is defined by the equation

3.

do to the capacity for storage of charge between electric

.dielectric constant of the material separating the plates,. “

‘Magnetic Materials J

Section 2 ) I 4 14

PR

charge, and this effect may be used to show that the
disﬁlacement of charge results in a storage of energy

within the dielectric. This energy storage is related

¢ . '
plates separated by a -dielectric as shown in Figure 2-6.

—— .

¢ =/ ‘ (25.34) /

The development of the relation between capacity, the

the area of the plates and their separation is given in
) o o /
Figure 2-6. The resulting expression is .

«
. “w

c = % © (2.35)
— teo

where C is capacitance in farads, € is dielectric constant,
in farads per meter, A is the area in meters squared, and

d is the plate separation in meters. Noteégféh equation

(2,34) that one farad equals one coulomb per volt. l

-

We .will begin with thf>defining(e;;ation which relates
magnetic field intensity, h, to magnetic flux density, B, ) 4
and the magnetic permeability, u, of materials:

Fewd - (238
where‘s is maghetic flus density ih Webers her mete \
squared, u is permeability in Henrys per meter, and H
magnetic field intenaity in amperes per meter. v

We will use the atomic model consisting of a central

g
[y -
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a

positive nucleus surrounded by qlépters in various orbits

*

to obtain some appreciation of the difference in behavior

of various materials in magnetic fields. 'An electron in
H : 4

Y

ad orbit is analogous to‘i emall current loop and, as such,
experiences a torque in an extérnal magnetic field. This

torque tends to align the magnetic field produced by the

orbiting ele¢tron with the ex;ernal field. This is*the.
' . : 8 "o

. »
game effect as the tendency of magnets to aligk themselves.

0y

Since the magnetic ‘Field of the electron adds to the ex-

terhal field, this simple picture would léad us to believe -

" that the magnetic field in any material would be greater

s

than\without the material prespné.‘ ThiS‘is‘not true in
most materials, however, because of electrpn spin. The
spinning electron is the equivalent Sf‘a:second current
loop, and the torqu; on tﬁ;s loop'hust alsoyhe considered.
It. turns out that thes% effects very nearly cancel each
other in most atoms, the éptable clésssof‘exceptions being
ferromagnetic materials. In this class of maééfialsr

orbital motion and electron spin fail to counteract -

1
n

each other. Each atom has a relatively iﬁrge magnetic mom- .

ent and in a magnetic field, the magnetic flux density

‘increases to many times the value it would have in free

,. -
space. . ’ - ) S . *

. *
There are no simple gircuit components-which would

L]

’

shed any more light on the nature of the magnetic proper+
< - .
ties ofﬁmaterials and since most natural resource materials

are non-ferromagnetic, we will not spend any more time’ on

this subject. We should note, however, that the q‘}gnment

’
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of electron orbits and electron spin result in storage of

energy within the magnetic material much as the displace~
\

ment of charge résulted in the storage of energy in a

A dielectric.

-

2. 5. 4. Energy and Other Relatio&s

In the interest of imparting as fiuch understanding’

on this subject ag possible, wefwould like the student to
note that current density consists of actual electric
charges in motion, electric>f1uk (displacement current)

e _ a may be viewed as lines terminating on electric charges
anh magnetic flux¥ may be viewed as linos ohich form

closed loops, since there is no magnetic charge 1f a .

. - S
o little bit of contemplation does hot make the reasen for
- this statement clear, we would recommend further reading

in the references.
It should be instructive to consider the similarity

of the three equations which relate force fields and flux

. /// fields to the properties of the materials:
P - s .
v ) ) J=0E (2.30) -
" . D=¢E (2.32)
" , ~ . . <
- . - ) B=uH . (2.36)
_IE would be well to commit these three expressions to
- . memory since they will be, used, frequently in the matlerial
LT which folldws. Ty

o ’. . .

e Although we don't consider it‘worth\fhe effort to

‘‘‘‘‘‘‘

ﬁﬁh - * . éhow their developpent, it ‘may provide further insight to
5O 5 \ )

. lC - ———
. .
c [ . . . K
Sa S . . . B P
- 5 - Ay s .
d - _ \r Frae ROESY Lt . . . . Vi) e

(4
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give the equations for energy dissipation and storage

associated with the electromagnetic fields and the pro-

’

perties of materials which have been discussed.  ° "
Energy Stored in a Magnetic Media. . ) .
- » . * .
WH =1/2 fvol B.Hdv : (2,37)
- 2 -
1/2 fvol p HE dv . (2.38)
¥

Energy Dissipated 1n~a Conductive Media

.

=1/2 fvol J . Edv (2.39)

"By

= 2
J1/2 fvo o E€ dv (2740)

1

’
o
voo.T

Energy Stored in a Dielectric Media

¢
H

W = 1/2 {vol D.Eadv . (2.41)

7

= 2 .
1/2 fvol e B2 dv (2.42)

In this ‘section we have covered the basics of static,

non-time varying fields. We haQe done very little develop-

ment of the field equations since our interest has been to

convey underséanding and not'deveiop mathematical detail.

The maferigl is designed to acquaint you with electromég-'
netic fields, their variation with distance from the source,
and effect of the electromégnetic‘properties of materials
of thege*fields. in the next section we will allow the’
fields to vary with time, which opens.up a wﬁble new cate-
gory of subjects and introduces us ‘to the field of parti-

cular interest to the subject of remote sensing. -

-
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2 -
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5 3 N
but any edition will serve the purposes of this course.

’
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FIGURE 2-1 —- Geometry for Computing the Field.from an Electric Dipole -
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FIGURE 2-2 <- Gegometry for the Magnetic Field from a Differential Current Element
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ws 682 - PROBLEMS :

2. 1. Compute the electric field intensity, E, at a distance

¥ =2 . .
of 33 feet from a point charge of 10 coulombs." ‘

. . 2. 2. Calculate the capacity of two metal plates, one foot
. : . 1
square, separated one inch: (a)’  in a K?cﬂum, (b) {immensed

-

"% in water (e/eq = 80). o .

2. 3." Calculate the resistance of a one mile length‘of copper

1
\

wire having a diameter of 1/10 inch (the coﬁductivity\of

copper ig about 5.8 x 107 mhos/meter). '
.Y 2. 4, Compute the electric field intensity, E, and the potential, ‘ .
' V, at distances of 10, 100, and 1000 meters from the center
of an electric dipole consisting of oge coulomb charges .
separated one meter. Let O (Figure 2-1) be 00, 459, and
r 900, . : .
. . FY . .
¢ A
* ~ ” -
o N .
s ¢
R -~ - = - ¢
' 9 - ' N
o - £}
% - ' .
- } .
:,_7"‘ P i
.. . |
;é%::: - ' ',\‘ . 3]
s Y
LRIC 45 ,




Sectiog 3

. -

From the material in the. previous section, you have been introduced to

- the symbols, terminology, and the general concepts of electromagnetic fields

and the electromagnetic properties of materials. We now wish to expand your .

understanding of EM fields with a consideration of time varying fields snd

electromagnetic waves. A comprehensive text in EM theory would spend sever-'
: & . . ..

al chapters in the development of -the four field equatiops which are gener-

ally referred to as Maxwell's Equations. ‘This material is meant to provide

you with .a general understanding of electromagnetic fieldscand their inter-

3 -

action with natural resource materials and is designed for the matural

resource specialist, not for the physicist or electrical engineer. We begin

a

our discussion, therefore, by presenting _these equations in their most common

form:

T+22- (3.1

(3.2)

(3.3)

divB=0 ot V.B=0 (3.4)°
. , , &

"~

The symbols and units for these equations are the same as those developed in

-

Section 2 with the exception that p is used herg as electric charge density
%

‘In order to avoi& Jdonfusion between the use of p

N

-

for resistivity, we will 2ry tog use the inverse of resistivity, conductivity,
. !

(4

in coulombs per meter3.

when referring to the electrical‘properties of materials.
As .is obvious from quick inspection, "the four field equationerstsb-

“ - ————

lish the relationshfp between force fields and flux fields -and electric fields

) o
el e q

, w.4~6

-
‘.
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and magnetic fields. The equations express mathematically and exactly that,

v

(3.1), a current generates a magnetic field that curls around the current,
. v .
(3.2, a magnetic field that changes, with time generates an electric field

yd
that curls around the magnetic field, (3.3), thd net electric displacement
current (£lux) through the surface encloBing a vol is equal to theﬁtotal'
charge within the volume and (3.4), the net magnetié‘flux emerging through

any closed surface is zero. 4

The solution of any electromagnetic problem requires satisfaction of

.

the four field equations. -Also, the three relations concerning the electfo-

magnetic properties of the medjum in which the fields exist must be satisfied.

These three equations are repeated here for cqpvenient‘reference:

J = oE : (2.30)

2 , * .
- . D = ¢E \ . . (2.32)
B = uE ) (2.36)

L
t

These equations assume the medium to be homogeneous, isotropic, and source
free. The medium is homogeneous if €, v, & o are the ssme,at any pasition
wi!%gn.the medium., .The medium is isot&opic if ¢, v, andé;are not “functions .
of,direction. This might be clarified by stating that a medium.is.anisotro-
pic if the conductivity, dielectric constant, or magnetic permeability is RPY

P

different in one direction compared to another. Although many natural re~ “

~ -

sougce materials exhibit a certain degree of anisotropy, the effect is

psually small, making results based on an assumption of isotropy reasonable.

" A source free medium is one which contains no source of electromagnetic

4 { ‘
fields within the medium. This is an accurate dssumption for most conditions -~

! )

T - o 7 : _
- . . .
- . e 0 . - .
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%§\

’

The aasumption of‘homogenelty is probab1§ the most inacturate since.
natural resource materials are generally a mixture of materials or ingred-
ients having different electrical properties.' Results obtained using this

assumption, hqwever, are offen quite useful since the material may be

.

homogeneous when viewed macroscopically.

-

3. 2, Electromagnetic Waves

‘The fact that electromagnetic energy travels through space (or

any media) in the form of waves is the basis for all radio communi-

.cations, most remote sensing techniques, and the propagation of

-

-~
energy from the sun to the earth. In order to understand why these
B L} -

natural and man-made systems work as they do, we must develop, the

¥ equations f%r electromagnetic wave motion.

. -

Virtually any kind of wave motion can be described with the

general wave equation: . ) ~,5
~ | . X
2 V24 = 32 $ , - (3.9)
» [} lat .

v ‘ ) .
where ¢ is the wave height or amplitude and c is the wave velocity

in metérs per second. From the expansion of V24, t

» ’ . ~

w2 gm Sy 5—9;2 o (3.6)

we see‘thah the wave equation provides the relatfon between the space

~

and time variations of the wave amplitude. If electromagnetic energy
- .. . kS
does propagate in the form of waves, we should be able to show this

" from the four field equations and the three media equations given

o, . . <

T . R . ) A - .o !

e
LN

L




' A vector identity provides us with an expansion for equ
' 3
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e equations for free space,
‘e . ,
tropiéd,

-~

above.” We will firgt develop’the wav

i.e. 0 = 0. This medié is, of course, ideally homogeneous, iso

and source free.
Under these conditions, we pﬁy substitute the appropriate terms

from the media equations into the field equations and obtain:

VX = eajgﬁ- . ©(3.7)
VAE = - uo oo (3.8)
—— r .
V'E=0 (3.9)
viH = 0— (3.10)
Taking the curl of equation (3.7) we obtain
(3.11)

N

- _ - 9E _ . 3 =
VXVXd €0ijt —€0 3¢ (VXF)

ation (3.11)

*
- .
e >

and we have
(3.12)

VKV iH=V(V.H-V2H= eo'g'ag (v XE)

»rt

LY
>
. - -

Now if we substitute equations (3.8) and- (3.10) into (5.12) we see

&)

ih;ough a- similar procedure, which léaves an exercise for the student,
. J ~ - —— . «

we can obtatn

y'g E’ Ho €0

-
—

2y

[ ] . s e ’
) VZE'=uoeo—,5—t'z

49

-

Y

3 t2

32 E

U

(3.13)

(3.14)

43‘
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.

Comparing (3.13) and (3.14) with equation (3.5) for.general wave

motion, we, see that the velocity for an electromagnetic wave in free

4

space is equal to - . .

. -
-

-1 ’ ;
TS @19
: ¥

o -

- /

’

Insarting the values for the dielectric constant and magnetic per--

12 7
meability of free space (g = 8. 85 x.1 10 and ug = 4n‘x ii ) ‘we
) obtain the familiar value for the velocity, of light,:3 x méters

.per second. ~

« ﬂ .
If E is independent of y and z, ™, -
i .
A ’ -
{ — 2
A V2,E = g__% vy (3.16)
o & ] X
4 .o .
5 e _\\ - - -
and therWavé,EquaEion becomes: -~ - . .
’ v :{b c * —
4 ‘ > 2 ' 2E . . 82 . . *
. a . .
a X = g —m : . ‘ (3017)
Of%bo ‘ : ‘ ’ ) ‘
' For sinusoidal time varying fields: i,\ ’ '
i ’ff; EQ e (db ; (3.18)
.. . -
! ) o SQE%°(cos wt + J sin dt) (3.19)

Y
]

‘where w = 2nf and 4is radian or angular frequency, £ is fféquency in

2 —_— - N » o
Hertz. If E = Ep ej&t then (3.17) becomes: ¢
’ LY 32 Ex —_ ' . B
. o 3RZ =" uew E (3.20)
Taking only the y term of E we get : -
E] A a2F _
N .= - jeuw? E . (3.21)

3 x~ y
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This represents a plane wave propagating in the x direction. ’From

the general solution to linear second order differential equations

we obtain

a

_ By = A eTIBX Ly, SIBX (3.22)

where the first term is an outward proﬁagating wave and the second

term represents a wave returning to tye source. Adding the time variation

t N
ejm and concerning ouselves with only the outward going wave we get:

B, = A oJlut - %) ' (3.23)
Where B8 = m\/ue,
Equation (3.23) is the general solutién for a plane wave propagating

¢ .

in a source free.dielectric medium. Note that it does not attenuate

. . 3
with time or distance. (Free space if € = €g and u = ug) -

To determine velocity, note that Ey is maximum when wt - ﬁi =0,
’ 3

In order to always remain on a crest we must move in the X direction

r

with a velocity

le

‘) i 1 . )
, ‘ vaedo b= , (3.24)

= C
8 ~\/¥E .
4 W . )
which agrees with our previous result. From the définiqion of wave-

length and frequency we have .

v = Af * (3.25)

: - . where )\ is wavelength in meters and f is frequency in Hertz. Com-
; ’
bining (3.25) and (3.24) we obtain:

® . "

? o~ v g = 2L : (3.26)

(Remember, @ = 2nf). " - -
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And we see that 8, the phase shift constant is a measure of radians¥*

e

.per meter.

‘\

o

Our solutions so far have dealt with EM waves propagating in a
pure dielectric (non-conducting) medium. The medium is homogeneous,
-isotropic and source free. All other conditions result in a compli-

cation of the solutions.

E

3. 2. 1.. General Solutions of Field Equatibns

I Néte:‘ Tﬁe medium now has‘finite conductivity, it is
still homogeneous, isotropic and source free. Assuming
siqusoidél time variations, ejwt, the field equations pay

. L4 .
now be solyed to obtain the general wave equations:
J * [\ .

2

.. e ¥

V2 E = juu(e .+ jue) E (3.27)
‘?&‘ - o . . .
_ T V2 H - juu(o + jue) H (3.28)
, = which are\often written in the form .
. VZE=YE (3.29)
- {' >

VZH=y2H , (3.30)

»
. . . »,

there Y is the propagation constant and equais

y = \f(Jun) (o +-5ue)

(3.31)

-

The propagation constant is complex and fay be written in

Tt Eetps of real and imaginary parts according to the relatio
- ~

-

‘ [

Y=o+ jB (3.3
‘%A1l equations use radians for angular measure. One radé@n

= 57.3°, L . ’ ' i

»

)
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‘where a is the attenuation factor in Nepers per meter and

g is the phase shift factor in radians per meter. Note: a

Y N 1
A Neper = 0 = 5757878....

Plane Wave Solution

Again we will consider a uniform plane wave propa-

gating in the X dir!Ltion and (3.29) becomes

The solution of which takes the familiar form

YX YX

E'=‘A1 e+ Ap e

L

Taking the outward propagating wave we write

4 o
" Eeape V¥ ' *

-

(3.35)

'

and if we again introduce ginusoidal time variation we get

4 ! ¥

A, = Ag &34t

.

3

_ and finally




%%

\

3.

2.

3.

plane wave and is rélated to- the properties, of the_mediuﬁ

Section 3 - -

Comparing (3.36) Q;th (3.23) wé‘see thg;_%&é’conducting‘ -
medium has resulted in the added term, e-ax. Also, as we

will soon see, the value for 8 has been changed. Equation

(3.36) represents a wave propagating in the X direction at

a velocity w/B. It is attennated ;ccording to the factor

e—ax. Note that a and 8 are the real and imaginary parts

of
. y= [(Quy) (o + _‘jcns:)]]‘/2
and that - )
2
o = wEE(Q + ;%Zz)”z-l)]l’z (3.37)
and ' ‘ \
' 2% ) ~
s a1+ L2 1%/ (3.38)
re o
Intrinsic Impedance, n A ! ’ .

For now we will simply introduce this parameter and

define it as -

(3.39)

3

]
rf |

¢

¥

This is analogous to R = %3 but do not confuse with p =€%‘.

- @ ’

n is tﬁ% ratio of the E and ﬁvfields for a propagating

e
B

for the general case py'the equation? t.

v , ’ ‘\ .
- jop  .1/2 .
n= [T jme] ohms - (3.40) ® ..

e

Intrinsic impeda;:;>is.a useful parameter because, as

. N . . .
is evident.-from eqration (3.40), it is a funetion ?f the\\)'

? -

~ ¥ “
- .

2

*
R s
B -
.. o v ,
“" e - 5 L 4 -
el VR 2 . A < P

¢
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@

basic .electromagnetic properties of the media and the‘

Mrequency of the electromagnetic energy. Intrinsic

. , sk,
impedance should be considered as undefined at both zero

1 N L. M

(DC) and inﬁiﬁf%%‘i{equenci. It must be used with consid-"
erable care-since equatién (3.405 is not ualid when very

v close to-the source of energy. This paraméter is found to

“r ‘
be quite useful for certain low frequency exploration

‘4 i

systems, howevér, and it will be discussed in greater

[

H

detail under‘the subject, Low Frequency.Syétems. .

o

3, 2. 4. Depth’ of Penetration (Skin'Depth)

The skin depth, 6, is defined ag that depth in a

¥

medium at which waves are attenuated to l/e or approxi-

", mately 37 percent of their original value. Remember, 1/e
( .. is_one Neper or 8.68 dB (see Appendix A’?Z%,a diecussion -

‘ o

of decibels .and nepers)“ Skin depth is\fidite only for

media having finite conductivity since a wave in a pure

\ r

- . 'dielectric, o = 0, suffers no attenuation.

s In ‘a conducting medium, the wave amplitude decreases

t

o

by the factor e X. We see, therefore, that when aX = 1,
.oa : ~ .
P °, the amplitude has decreased to 1/e of its valye at- X = 0.

L
»

- .

Therefore,a

. ’ X %- . meters (3.41)

v .

and for the general case of an homoéenedus, isotropic

-

medium, e
N\

L (3.42)"

Y
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3, 2. 5. Conductors and ‘Dielectrics o

. Maxwell's first ‘equation may be written
S - ¢ hd ) -
VXHs= oE + juck L (3.43)° - .
, ¢ ST ) |
- conduction current displacement current . .
‘ i € P N 4
From the -above, it is evident.tﬁat the ratio of conduction °
- current to diéplacemﬁp}l‘current is ‘
—N’ . . .
' ‘ L} -
o . ,
( e . (3.44)
{ . . @
* . ) }nd therefore, . -
g N
s 7 ¥ ’ :)-E-z 1 .
T ' marks the divjding line between conductors and dielectrics.
- i We may now write or define: ) _ .
Perfect conductors —— o/we = ® - <
. - " . Good conductors ~- of/we >>'1°
Good dielectric —— o/we <<1
Perfect dielectric —-- o/we =0 .
il t ) . ’ ¢ . . N R -, M
¢ ) ) . .
Note: 1) For coppgz),'c/we ~ 3,5 x 108 - : - s
2) For Mica, o/we Vv 0.0002 = - _ . ' '\
3)¢ TFor good conductors ¢ and € are not functic;ns
% of frequency: N
: . ,{;,4) For good dielectrics and most material in between,
/A
. ) <0 and ¢ are a. function of'frequency. This 1is true
for most natural resources, soil, and rocks. - -
:':j For good conductors and¢good diel.ectrics the \g’éheral
i Qo ‘ ,exbressions for « (3.37), B (3.38), n (3.40), and s (8.42) ,
= MC N N . . - ~’,

.t >
# enc ; . ‘ . L . -
bt . . B
: LTI .t * ‘ » . \.J . 5 ‘ ,




Section 3,

©

may be simplifiea. a

The student should try to arrive at some of the
simplifications given in Tables 3.1, 3.2, and 3.3 to see

why théy are reasonable approximations. Note, the better

the conductor or dielectric, the better is the approxi-

)

mation,

~ -

‘Table 3. 1 Wave Rropagation in a Goo&‘Dielectrica

A AT a-
. € 8

2

M(l +——2—z')

N/ ) S
NJule(@ + ] 2w€) ,

*

/
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Table 3.3 - Wave Propagation in a Good Conductor

- + f . -

R’

' T eV : . o

/
, /
- . . . ® - ! '
} o0
L <y = \Jjwuo = \Jwuo /45
) jwu \uu 4 o . & , 5
. n = — 2 E !45 !
0] 0]
’ * - 2 .
‘ “.\V wuo -
. < - \

v = SR [
B'

-

The student should remember that we have been dealing with ﬁlain

i with pldin electromagnetic waves in ‘an, homogeneous, isotropic, and X
-~ ‘ ‘ < . W
source free medium. .
" -~ )
. v o s
~ -
- . ’)‘ - M N ) - PR

ff—::"‘\} : ‘~ * ‘ b L. . . ° ,
ER] o .. - ‘ S8 | . .

i e
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\ "/,//.PROBLEMS .

° D

o ‘ -

3. 1. “Compute the skin depth of a material having, {
- . e . N .' —“ . 1

. - - - ‘0 = 100 mhos/meter, ¢
| ; , 4 .
’ efeg = 80 s
. e
W= .
. $

B . . for frequencies of 104, 10%, and 10% Hertz. Discuss youi T

results. . ¥

-~ ’

3. 2. Derive the general equations for o and B8 from the general

-~ . h

° .

equation for vy. ’ .

3. 3. Calculate the wave impedance for a material having p;Operttesf'

ggﬁ of,

-2 .o
0 = 10 mhos per meter -

. ~ ele " 1000 o/

. a B = ) - . 1
- . 0 ' .

‘1 . for frequencies of 10%, 105, and 10° Hertz using the exact
¢ ' ) - ) ” te A : .

.

3 Nt . equation and the equation for a good tonductor. , Discuss your
L . T oo . . \
’ . results. . - ¢
. 3. 4, Using the four field qqgations (Maxwell's equations)’and'the

ii, ~ three media eqdations, (2?30), (2.32), and (2.36), derive}

v

; . ’ equation (3.14).

¢
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e 4.0 RADIATION - P
) At the timeé of th1s printing, June, 1972 ‘this sect1on was still in,
preparation. When completed,’ this sect1onhw111,dwscus§-the concepts of =
. radiation, that phenomena whereby*an e]ectroﬁagnetic-fie]d\propqgates away .’

from its source at the speed of light. For the time beﬁng the student '

, . muist obtain this information from lectures and from the references given
at the.end of Section 2. : : o -
N ’ ' L4 v : ®
p
[
* & ~ y
: T
. 3
. ‘ o . o
- . :i 1)
S
R . . 4 .
. o
' -
L b
* &
- . A . N . . ‘
X - ‘; A! »
a - ¥ i N
r % )
- ! ‘ [y ] b
L) b ﬁ
* . . ~a .
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‘ o ) '
K - - s
. . = ) .
- " ,..
. &
? . 1 . )
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5.0 ELECTROMAGNETIC PEOPERTIES OF MATERIALS -- GENERAL

-

>

o

" We have seen how the electromagnetic properties of materials effect

current flow (esnduction and displacement), electric and magnetic fields,'

v

and EM wave propagation.

5

\

We will now shift our viewpoint 180° and considér the effect of EM

fields (forces) ‘on materials, and attempt to determine the ease with

s

which three phehomena take place in materials. These phenomena are:

Electric polarization v
R %
» } ~ ’ .
Magnetization ° - ’ ' . 2
4 4 .
Conduction ' ’

The physical constants defined by these phenomena are, of course:
e, -- dielectric constant . . . .
u -- magnetic permeability

¢ --- electric conductivity

o /
" These constants, along with the shape and sﬁée of an object, control
- - .
xhe scattering Bf reradiation of energy. This, in turn, determines the
% “5
characteristics of a radar image of the :
~ -
5.1 Convérsio A
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.

from which we see that the resistance of al meter:cube of material having

e 8
a resistivity of ; ohm -~ meter is ) »
. ’R ;—,_.l—g—l—= l)om

In egs un}gs % and A are in cm and em? and we define registivity as the

-

resistancé across a 1 om cube. In mks units, for a 1 cm cube of fhg same

BN
.
s

material
i . -2
. . R = u_i:g__ = 100 ohms
) " 10 .
x b ) : -
In ¢gs units . ¢
> , o g Y
. [}
: . ~ L r=2EL =100 otms -
l‘_ ‘ . ™ V/.

. i \
and - thereforfp, PO

~

! . p = 100 ohm-cm

v and we may write S
. ) ‘ «
. - p mke = p egs/100 : C s (5.1),
. and .
{ , . ' o mks = 100 o cgs o (5.2)
similarly we find . ¢ -
: o mks-= oQ - ft/3.261 (5.3)
: . o mke = 3.281 o mhos/ft (5.4)

. . ?
Physics handbooks and other references will often give o esu (electrostatic

units) values. Now, the units for voleage and current are also different

and we would need to use the equation -

£RIC o 62
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to determine the conversion factors

¢ .
3 ~ wall

9 X 10% p esu 15.5)

p mks =
’\( -
*’ o mks = o esu/9 X 10° ‘ (5.6)
/-
5.2 Conduction in Metals
. - .
Materials are generally classed as: '
a) metallic conductors if ~~ o > 10° mhos/meter ]

, 8
b) semiconductors if -- 10° > ¢ > 100 mhos/meter
. ' 8
c) insulators if =- ¢ < 10 mhos/meter,

The use of the term semiconductor, to describe something in between a
3
metallic conductor and an insulator, should not be confused with the common

. use of the same term to describe solid state devices and materials which

conduct better in one direction than the other.,
.. ‘ & :

Most natural resources can be elassed,as gsemiconductors (as defined
b

. above). Nevertheless, it will be instructive to consider conduction in

metals before progressing to other materials.

AL - v

The free electron model of metals is baséd on valence electrons being

-

o
-

- Sk
able to move about freely through the volume of ‘the specimen.

.In the absence of an electric field the electrons move about randomly

. - 3

and . . . !
v =1L vy=0 . (5.7)
D N 1 *

1 =1

- where v. is average or drift velocity of the e1ectfons, vi is velocity of

D
. individual electrons, and N is the total number of electrons per upit




.
.
oo »
_ . \ ..
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and is about equal. to, the total number éf-atoms, When an electric field is

e )

applied, the élecyrqns experience an average force .- The electrons will

3

then accelerate ;according to the well known relation, F = ma which, for
’ the free electron model should be'written,

. dv v
. o e |LD D : -
% ‘ ' . F'- m dt ) T ‘ A B (5._8)

-~ - ' . <

where, 1, is the Relaxaéion Time, which 1is closely related to the time

.

> between collisions with other electrons. Note: |if T =0, I =0, but if 7

= =, the electrons accelerate with little force and maintain the current
indefinitely, e.g., for superconductors, T = %, T is the time required for
. the electrons to approach rest conditions after having been accelerated;gg

. _some value vy ™D , is equivalent to a frictional or damping force.
T ) ) '
dv ’ . -

m =y is acceleration due to external forces.. For an eleétric field,

)
-

219
F = éE, where e is the electron charge, 1.6019 x 10 coulombs, we write,

dv v, ’ T 2
eE = m dT'+';r— (5.89)

[y

Co 231 - — .
. where m 1s the mass of the electron, 9.1 x 10~ kgm. Under steady state

4

-

’ . -
<« conditiong (for frequencies where 1/f >> 1. And \\\\\\_

) . v, = —— . (5.10)

We are now ready to show the relation between drift velocity, electron
charge, etc., and the conductivity of a metal. The free charge density in
a metal is obviously

p = Ne T, (5.11) T
q -

<
<
>,
i
o
v
t
£
B
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] ' " o roo
where pq is charge density in coulombs/m3, N is the number of free electrons
4 per meter3, and e is the electron charge in coulombs, or,
© { .

o = electrons coulombs _ coulombs
q = meter’ = electron meter>. i

If we now introduce drift’velocity we obtain, ' <
/“ 1 . ‘_ ‘ ‘J: ’
¢, : New... = coulombs i meters
ﬁ\ » D'~ meter®, ’ gipbnd
) ual ) coulombs:’
.equals,, °  meter?-sec .
coulombs _
but, ) . ‘E&;;ET" amperes
' amperes
' 80 . NevD ~ meter
‘ \ .
and we may .write, ) )
( . - M .
‘ ) i J = Nev) ¢ (5.12)
, . and with (5.10) we obtain,
A}
‘ ' \ 2 .-
/, ' g=2Tg (5.13)
. m
- . Which from, f )
) = J=dE -
- yields,
. A )
_ Ne?t
) - g = m . (5014)

o - - N . N ‘
In equation (5.14) note the terms Ne, charge density and e/m, which results

from acceleration beinglproportional to ¢ and inversely propo;éional*to m.

3,

- .
\
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.. . \ _ -,
For copper, Quantum Theory tells us, \

1= 2x 101" second

Assuming each atom contributes one electron and since there are 6.025 x

»

1023 atoms per Mmolecule and sihce one molar volume (volume occupied by

" one gramdmolecule-weight) for copper is 7.1 em3, we obtain N as,

-

“ ‘ N = 108 (6.025 « 10-”-3)/7 1
equals .
8.5« 1028 electrons/m3
Therefore for copper, ° < - . . .
" 14 ‘
_ (8.5 x 10%8) (2.56 x 10 )(2ac10 ) s
=31 . v , ’
' : 9.1 x 10
- 4.8 z 107 mhos/meter
which is réasonably close to handbook values of 5.7 x 107 .o

We riow introduce mobility, v (upsilon), which by definition is,

'

%D _ et meters? '
VEF Tm® volt-sec ’ oo (5.18)

-

Mobility is a measure of the eage with which a particle is accelerated by

an electric field. We may now write, by combining (5. 14) and "(5.15),

o

= Nev - ' , (5. Zb‘)

<

~

or for the more general case,

v
5

= + N PR A \ 17
‘ . [o -Nl qy V1 2 42 VU2 Nﬂ qn vn, ‘ (5 )

where ”i ig the numbe:_of’free charge carrfegs/m3 of the.ith type, qa; is

the charge/carrief:.vi is the mobility of the ith charge carrier. This

Py
-

brings us to the pointithat we may consider conduction in any media con-

- . -

taining free charge carriers. .

-~ * .

: X 66

e
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* 5,3 .Conduction in Electrolytes : v . J

R e v ’ . -

) « » ¢ . . .
) Conduction in most natural resources is due to the presénce of salts

¢ -t .
. in solufion. Salts in splution form an electrolyte, and conduction takes
. * place via {t/he movement of ions. Changes in the chemical makeup of plants,
. . ‘- /
soils, water; etc., will, therefore, effect the conductivity of the mater-~ v

ijals. This change in conductivity may then be detectable with a remete
gensing system. If we can estimate the magnitude of the chéhge\iq\Foﬁ—

ductiyity whicﬁ3W$il result from some change in a resource of'intergst, T 4

then we can determih; the proBability oﬁ\detecting the hange'remotely.
In very dilute solutions, we may use,e;uatidﬁ (5.17) to compute condéctiv— o
ity, where each term represents an ioﬁ.in sqlutioana \ '
~ The equation is usuaily written in tpe'form, ‘ R

-

R PR ., G =F (Cl l’]ln‘U1+ bz no> vy + . ’. . ¥ Cl’] l’]n Un) . (5.18)
- : . . . K ) v

2

where F is Faréday[s number = 96,500 coulombs/gram equivalent wpight,rCi

is the concenfration of the ith ion in gram molecular weights per qeter3,

- ° L | » * -

.th *

)ni is the absolute yélue of the valence of the ¢~ ion, and v, is the

. . >

PR

. s

P2 . . . . .
mobility “of -the ith ion. Note:- v, is a function of Ci and temperature.

. ’ I . ’
T We yill sleave it up to the student to’show the eqqivalencg' of (5.17) i
. and (5.18). Example: ,~ , T " ] )
', iap - e . Y . w,
N " The conductivity of a*one percent (by weight) NaCl solution (also
T y °, . -t ‘ - ) -
. given as 10-grams/liter and -10 QAQOY;calculatés to be (at 25° C): The .
. _numiber of gram molecule weights/m3 is, v i
© R L - .i' ) / "
. - _10* (grams NaCl) _ ;53

e ¢ = %8.43 (MW of NaC1)

B

= 171

y . " e = e
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A . : ’ ™ ‘ ‘ ‘ ’
: . ‘ . Mg T Tt .
- ... ; ’ ) . ) ": 8 . ‘ 4 .
. o vy =52 x 107. (dilute solution at 25° C)
” ' 8 .. )
Vpg = 7.9 2 10 (dilute solution at 25° C)
. ’
N Now, : : 4 -
. . ' __8 . ' _8 , .
o = 96,500 (171 (5.2 x 10" ) + 171 (7.9 x 10 )) = ©
* ‘o‘- ‘] ’ . B \/.'
i | 2.16 mhos/meter ,
Ve _"" S
. A B vy following comparisens between calculated and measured o for a
IVaCl solutions shows the reduction of v for concentrated solutions (the
value of v for a dilute solution was used). ' .
Table 5.1 -- NaCl Solutions at 25° C )
. 4 o
Salinity o calc. 0 meas. 7. % . Y
. fgm/liter) (mhos/m) (mhos/m), ° s <
) 0,01 -0109216 0.0021+ M - ‘o
1.0 0.216 0.185 ® LT
" 10.0 *2.16 1.7 n .
. ' @ . U'.\ ,o
100.0 £ 21.6 11.0 .
h' . o Q'
L 3
( u - -
. N ;
. - . ‘>
. % -
\ 2
O ‘ ) . -
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Table 5.2 —T/Mobility of Ions at 25° C* .

Ton Mobility ' o .,
s e _ 1__8 ) . ‘
, H 36.2 x 10 ' m<4/volt—second .
' OH" 205 . ' .
o s0,~ 8.3 . _ / S .
e Na' 5.2 '
" ’
‘ —
cl’- . 7.9 )
K 7.6 S ‘ ' ‘
. , o
« - N0y . 7.4 (From Keller)

By 4 »
3 N N
.
- ¢ .

. The conductivity of solid electrolytes,and electronic semiconductors

‘will not be studie& in detail.because these methods of conduction are not

]

~ ’ R
i important\ for most natu‘ral resources, N

5.4 The Electric Polarization of Materials

I

%i/ Polarization involves the displacement of charge, or the alignment of

&

particles. having a permanent disglacement of charge, i.e., electric dipoles.

Polarization does not involve the transportation of charge through the

,

sample.

All materials are polarizable'to a greater or lesser degree. The

[RN K

total polarizability of a material may be divided into five parts. l) elec-

tronic; 2) ionic; 3) orientational or dipolar; 4) interfacial, and

5) -electrochemical (overvoltage effect). A prief description of these five -

P * .
- .
’

polarizatign processes follows. .
- . A “
1) Electronic. This process involves the displacement or deformation

B
-

of electrqn orbits or spins-about atomic. nuclei,

t -
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2

this is effective at optical frequencies and downm.

Ionic. This involves the displacemenf or deformation of ions and

-~

is effective below optical frequencies.

v

‘Dipolar.. This is due to the aligmment of molecular dipoles,

water molecule

[

~ -

¢

Water is the most important; its dipole structure makeg it a

- ° _lo .
solvent. For water at room temperature, T = (.25 x 10 gecond.
Interfacial. Caused by, small capacitors formed by structural

interfaces, i.e., conducting regions separated by insulators.

»

ﬁf ' @ --- conductors
g O --~ insulators

The frequency\gange is limited by the mobility of conducting

~~

/.

\

yartic}es.

Electrochemical. This process is very important in the search

7

for sulfide minerals. It is associated with ionic transfer from

soliﬁ to 1iquid and a difference in potential required to go from

1iquid to solid vs. solid to liquid. Very low frequency effect

—- 0.1 to 1000 Hz. We will study in more detail later.
' For materials exhibiting both cpnduction and polarizatioﬁ processes,
the expression for curgent density. becomes,

=

= (6 + jue) E (5.19)
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which indicaté€s that conduction current is in phase with F and that displace-.

.

ment current leads E by 90°, or in other words, £§ a quadrature component of
current. Displacement or quadrature currents do not result in any power

loss, they do instead, represent energy stored.

.

The‘s;ight movement of charge or rotation of a dipole, does take a

>

{ -
-small amount of energy, howgver, which results in an energy loss, or dn-

phase omponent of current. The nigher the fréquency, relativq'to 1/,

the more significant becomes this in-phase current When the frequency
becomes so high that,tbe dipole rotation, ion movement, electron pattern,
etc., cannot respond appreciably in a 1/2 cycle, then‘the dielectric looks
like a poor conductoy.

>

This results in a complex relative dielectric constant:

Note:

'Thé“sthdent should become familiar with the terms Relnxation Time, T,

Relaxation Frequency, fé; Less Tangent and Loss Angle, all of which are

interrelated as shown below,

(5.20)

(5.21)

)

When tan¢ = 1, = f; and e" = g', ‘which means simply that cohduction and
displacement components of current‘are equal.

o
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Note that we may write the genera;l equatidn‘ (5.19) as,
. = : St el
. J.— (ODC + Ju (¢ Jje")eg) E ‘ (5.22)
N and if . ' %\
e = 0 .

then an ac, ceff may be obtained from .
[

.

Jue' eq + we' gy

i “
When‘oDC, is not equal to O, the situation becomes more complex.
\ 5.5 Magnetic Permeability > . . )

‘The magnetic permeability of most (virtually all) natural resources

. 1+ ig equal to that of free “space, 1.e.,

- _7
pg = 4n x 10 Henrys/meter .

. The orily significant exception are iron ore minerals and nickel orex "‘\

-3

. Values fgr ferromagnetic minerals and other common minerals are given in )

B

Table 5.3 and Figure 5.3.

) N ‘ A
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charge
displacement

- or

g QQ dipole ' =D& e

@ alignment ° =2 @ x>
& (j <::> ‘ C:j D x>

non-polarized polarized\

, \

FIGURE 5.1 Illustration of Polarization from Charge Displacement and
- Dipole Alignment.

electroghemical

[
(]
e

[
O
N

Approximate values of €/ep-
- b
(=]

1016 1012 ETIE

’

Frequency, Hertz )
FIGURE 5 2 Genetal Frequency 'Dependencé -of the Several Contributions to
Polarization of Materials.
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Table 5.3 Relative Magnetic Permeability of Some Common Minerals , T%

Mineral

Magnetite
Pyrrhotite
Ilmgnité
Hematite
Pyrite
Rutile
Calcite

Quartz

2.0

Permeability, u Henrys/meter

- i
. 2
l b . T

5'0 - ¢ }‘V

2.55 ' * ‘ e
1.55 N C 0
1.053 . R C it
1.0015 ‘ ‘ 2
1.0000035 - N i

0:000087
0.999985 »

Basalts _.l

ameimng Aoy wrgvE

! 1 N | .

0.1 0.3

. FIGURE 5.3 Relgtibn Between Percent Maénetite and éermeability )

1.0 3.0° 10 ' 3
Magnetite Content, Z vol. . :

~ -
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. Problems for Section 5.0 >

5.1

5.2

503

5.4

\

Show that equations (5.17) and (5.18) are equivalent and that units

do reduce to mhos per meter.

1

Compute the; conductivity of a 0.0l percent solution of sulfuric acid.

. s .
Compite—the acceleration (meters per gecond?) of an electron in a

vacuum, in an electric field of 1000 volts per meter.
\

\

Given a 10 foot length of one incg ﬁlastic tubing filled with a“
0.1 percent solution, compute the conductivity of the solution in
mhos per foot and mhos per meteiland compute the resistance from one

end to the other. The gsolution is Hydrochloric Acid.

-
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6. Electromagnetic Properties of Water, Sgbow, and Ice
The characteristics of water, sngW, and ice are very important because

the electrical properties of most natural resources are controlled by their

water content. Water itself is, of course, one of our most important natural
\ b

resources and any means capable of providing better infogmatidn as to its

availability and purity is of considera@lle importance.

. . ¢ .
6. 1. Water : . ’

'S

. ¢« _6
* Very pyre water has a conductivity in the order of 4 x 10 -

/ .
mhos per meter.  Lake Superior, noted for its relative purity, has

{ _3
a conductivity of 9 x 10 mhos per meter. This is equivalent to a |

'

total dissolved salt content of dboyt 50 parts per million. Rivers

‘ . _1\ ,_3
and lakes in general have conductivities between 10 and 10 mhos

. N s

. w B
per meter. The oceans, on the other hand, have conductivities of 2.5
to 5.5 mhos per meter with an average value of 4 mhos per meter.

Figure 6-1 shows the electrical conductivity of water as a function

of temperature and salinity. ° .
Figure 6-2 shows the dielectric constant of water at room tem-
. A
3 i {
perature‘%s a function of frequency.: The high dielectric constant of

“
water is, of course, due to the dipolar nature of the water molecule.

The relaxation time "and rglaxation‘frequency for water are respectively

_10 10
0.25 x 10 seconds and 4 x;lO Hertz. \\

‘Snow and Ice .

Since the conductivity and dielectric constant of water are, con<

trolled by ions in solution and the dipolar naturé of the water mole-

cule, freezing drastically alters the’electr;cal properties. This

— >

change is due primarily to two factors: 1) ions tend to remain in

v el

v
2




Section 6

-

solution as the water freezes; and 2) the water molecule in the solid

state cannot rotate-as easily as it does in the liquid state. From
Auty and Cole, 1952 (See Figure 6-3), we'see that for pure ice, relax-
ation frequencies are very low. . It 1s interesting to note that as

the ice becomes colder, the relaxation frequency is reduced quite
. .

drastically. ' \\\

.
:

The following material is taken almost verbatim from Watt and

MaxwWell, 1960.

’

The ele&trical and physical properties of ice have been discussed

a

1n considerable detail by Dorsey, 1940. He presehts tabulations of

“
)

permittivity and conductivity as reported by numerous observers. A

.
-

more recent, paper by Auty and Cole, 1952, has analyzed the lack of

©

close agreement between measured dielectric constants of ice and has

° 1}

found that in generaiathe' appear to be attrybutable to the formation
of voids or cracks in the sampleg_Being measured.

, For a material with a'siqg;e rq%?xation f?eqﬁency, the simple
theory of dielectric relaxation predicts a complex dielectric con=-
stant € -~ .

Emet - ge" = b+ (ey - e/ (L + E/E) (6D

(

where the time factor is elet, Edc , and ¢/ are the so~called equi-

1ibrium and limiting high-frequency values of relative dielectric
»

constant, £ is the frequency—ét which the'electrical properties are

being meabured,'and fc ig defined_as the relaxation frequency, which
2 . .
is equal to 1/1, where T is the relaxation time. The complex plane

presentation of c forms semi—circles as shown'in Figure 6-3. This

type of presentation is known as' the Argand diagram. Auty and Cole,

with carefﬁlly designed equipment and experimental procedures, found
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that-pure ice does in fact.adhere very closely to the form predictéd

v - ° .

by this simple theory, and they were able to obtain results with a s

highudegree of repeatability. From their data we have obtained the

relaxation frequency f as a function of temperature as shown.in

v

Fié:re 6-4. The high frequency dielectric constant ¢ was found to

be very close tp 3 for all temperatures ranging from -0. 1° ¢ to -65.8° C.

3

Equilibrium values, edc,-also shown in Figure 6-4, range from approxi-

mately 90 to 114 over the temperature ;ange in&icated. The value of

¢ corresponding to the relaxatian frequency, €.s permits a rapid
construction of Argand diagrams sincé this point represents the center
of the semi circular diagram. Frequencies at other points on this

diagram can readily be obtained\py the relationship

’

/

4 tan ¢ = f/f . . (6.2)

C

@

c L

where ¢ is the angle indicated in Figure 6~3. The relative dielectric
constant €£' = e/eo can be readily obtained from diagrams such as Figure

6-3 and the results presented as a function of frequency for various

temperatures as shown in Figure 6-5.

. The conductivity of pure ice can be obtained from the Argand

diagram of Figure 6-3 by means of the relationship ‘
1 ‘ >
g = ¢e" we - (6.3)

o]

.

which can also be written as

11 ———

40 = 556 x 10 " £ (6.4)

where £ is the frequency in Hertz and ¢ is the conductivity in mhos per

A
78
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meter. The results of these calculations, shown in Figure 6-6, indi-

cate that for a given temperature and at frequencies-below the relax-

N -

_ation frequency, that conductivity is directly proportional to the
square of thq,frequgncy. «

The propertigs of drifted snow were measured at two locations
in the mountains of Colorado. The resulting Argand diagrams are
. o . .
shown in Figure 6-7 where it is obvious that-the characteristics are
13 - .

different from those of pure ice. Four electrode methods of measuring

the absolute magnitude of the complex conductivity are also employed

and a comparison of results is shown in Figure 6-8. Relatively good

~ agreement exists between the two types of measurements. It should
be‘pointﬁg out that the rather large ;alges of €", which result from
_an incre;se in conductivity, are probably due to the presence of
[ _ . impurities in the snow.

Obsgervations madé on the Athabasca glacier near Jasper, Alberta,

- Canada produced the Argand diagram shown in Figure 6-9. Note that
3 the general circular form expected for pure ice having a simple di-
° :
electric relaxation is obtained for frequencies down to approximately

. 2 kHz. Bel&w this the e" values increase quite rapidly, indicating

- ~

an=app;étiable amount of conductivity. . :
‘ Ac riggigof the magnitﬁde of the complex conductivyt as

_oBtained ridge and four-electrode Eltran measurements, .Figure 6-10

- shows close agreement. This may be due to the fact that the rods were
' . ' - - 2
surrounded by a very thin interface of water. These sets of obsgrva— .
’.tions were obtained in the same general area on’ the glécier, and would
; - .

indicate that‘theilar%: observed values of €' and €" are probably real.

#* 1t should,be pointed out that some diépersion was fourid between observations
T ] . .

s -
¢
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in differentuareas on the glacier, due possibly to cracks and crevasses.

v

The parailel plate observations of Figure 6-9 were made near the

surface of the ice which was rather poroug and wet at the time of

“ measurement. The rods on the ridge were placed in the same general

area as the parallel plate measurements, butzieing 4 feet long are

expected to give results typical for ice seweral feet below the sur-

’ »
.

fﬁce which was observed to be much more solid than the surface ice.
Tﬂe third curve fog rods in a crevasse represents measurements made
some 30 feet below Ehs surface of the glacier where the ice was less
disturbed by wind actio;, and in addition, it was expected to be

slightly colder than thé surface ice, This redﬁction in temperature

with depth is indicated by the fact that rods in or near .the surface

caused melting around them while rods a hundred feet or so below the

" gurface would freeze in place.

Figure 6-11 shpws |El-as a function of frequéncy for threé dif-
ferent eléétrode spacings on the Athabasca glacier.‘kIt is interestiné
to note the reversal in magnitude at the 100 Hz region. 1t is

obvious from thede results that the propefties of the glacier change

)

* with depth and that this change\has an inverse effect at frequencies

kA

above and below the 100 Hz region.. * y

It is instructive to observe the manner in which the conductivity,

! B

admittivity, and loss tangent vary as a fu;ction of frequeﬁcy. A

_ typical example taken from the Athabasga glacier for 0° C glacial ice

. - 4 i
is shown in Figure 6-12 where it can be seen that the loss tangert

increases below one kc rather than continuing to decrease as it does

' A < 1 .
for pure ices , . , .

’

. Additigpal measurements were made on the Greenlqu ice cap some

10 miles ffom,the coast ln_the vicinity of Thule. Ice temperatures

. ¢ - - ;
T .80,
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. ) ) )
ranged from -5.5 C to -8 C. .The results of these measurements are

shown in the Atgand diagram of Figure 6-13. It would appear that ‘the °

. v

conductivity is appreciably higher than was-observed on the Athabasca

glacier. The data at -8% C was taken in an ice tunnel several hundred
: Sl p ' ,

feet below the surface of the ice cap so that any local contamination
[

due to salt from sea spray being carried inland is not expected to be

4

¢
important. The wide range of electrical properties of snow and glacial

ice can be seen in Figure 6-14 which summarizes many of the results\

presented.

From these results, it would appear that further observations
should be made on the colder glacial ice, and that bridge measure-
ments under such conditions should include several larger spacings,

i.e., larger d/A ratios.

6. 3. Sea Ice . . )
!

The electric properties of sea ice.are vety complex and variable.
Sea ice is a mixture of ice, brine, salts, end air in pronortions and
spacial arrangements determined by the temperature, tHbrmal'Pistory, .
) | and conditions during-formation. A wide range of conductivity and

dielectric constant values are found. Unfortunately, almost no good

.data, correlating conductivity and dieléctric constant with salinity .

-~

temperature, age, etc. 1a. avaiiable. . : e \
g Figure 6-15, a phase diagram of sea ice, shows the temperature at,f
s . ' whic,‘yarious saltg begin ‘to crystalize from the solution. The arrows \\\
) | on the right hand side of this Figure indicate the probable ice, salt;

brine ratic at +60% centigrade. Obviously, as the percentage of brine

' is reduced in relatiqn to ice and solid salts, the condnctivity of the

‘

’ ’ M Q

ice will be lowered.
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Figure -6-16 from Andereoe and Weeie, 1958, shows the cellular
structure of sea ice. The cylindrical brine cells shown tend to
migrate toward the warm side of the ice formation. Thus,,ehey mi-
grate upward in summer and down in winter. 01ld sea i;e tends ) tﬁere-
fore, to be more resisti;e since much of the b;ihe,has esc;ped during
rJaseveral up and down migrations.

The only data available on the.conductivity of sea ice have

been taken atl, either very low frequencies, below 100 Hertz or very

& .

'ﬁigh frequencies, 10 Hertz. This data, obtained by Cook, 1960,
Dichtel and Lundquist, 1951, and Pounder and Little, 1959, is shown
in Table 6-1. U e

Table 6~1 .

Electrical Properties of Sea-Ice

Source Frequency Temperature, °c ‘g, mhos per meter
i =3
Dichselv ~10 H, -8 . . ~10
. . : b i .
Dichtel MO H 24 ~10 Ry,
e 0 a3
Bounder ~v10 Hé . 0" to -1Q 10 to 10
8_ .. o a0
Cook ' 10 H ‘ =20 10-
. z ~
8 : o : -2 -
Cook oW 10 H -30 ' 10 -
“ » Z . » ..
. < ;

As would be expected, the electrical properties of 'sea ice are

&

a function of temperature and frequency. It will require consider-

abiy more data to obtain a reasonable understanding of these functions

«

*

-

I
ey
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»  PROBLEMS - -

Discuss briefly (a few short sentences) the physical difference

betweeh relaxation time for the free electrom model for metals

.
+

and the.relaxation time for the water molecule.
& / . .

N .

«

- -

Based on the data given in this section, estimate ‘the relaxation

—

time for the water molecule at -10°c.

.

Calculate the skin depth fof typical glacial ice at 10" H, .

v
’ L3 o
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‘The Electricsl Properties of Rocks.and Soils . 9

7.

' ! L -
The electrical conductivity *(resistivity) and dielectric constant of

Y
most rocks is determined by:

ermined by 4
1.- Amount of water in the rock.l

» -

2., Salinity of the water.
3. Distribution of the water.
Few rocks contain enough conductive material to appreciably affect

their conductivity. Exceptions ‘are Native Copper Ore and Native Silver

ore. E CoN .
The distribution of conductive minerals is very important. The ores

“ %
mentioned above tend to form interconnected veinlets and boxworks of metal

which yield a high dbnductivity. Pyrite, gaiena, graphite, and magnetite

may have a high content of metal or conducting mineral but they are formed
— &

in digcrete crystals, separated by’ insulstors. . Thus, may yield a high

" interfacial ¢, but a low 0.

7. 1. Conduction Processes in Rock .

&

_The electrical conductivity of a rock will be a function of the

,

concentration of charge carriers and the mobility of these charge
carriers. These charge carriers can be electrons, ions in solution

or ions*in\the rock materjial. Electrons and ions in the rock material
)
are significant charge carriers only in metallic ores or very dry rocks.
X ) %
With the exception of metallic ores, the conduction within rocks in »

- ~ * :

the upper several kilometers of_ the earth's crust is due almost en

tirely to the motions of ions in’the water contained within the rocks.

-

Since we are primarily concerned with the effective conductivity of

-

the upper several kilometers of ‘the earth's crust, we will consider
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.

only conduction due to ions in solution.
..

To estimate the, conductivity of a rock we would like to know
_ the concentration of charge carriers, their mibility,” and their
dig&ribution within the rock. With this information we could use

equation (5.18) to compute ghe conductivity or reéistivity of the__-

infiiling water. Occasionally, we may use such information(fb com-

pute estimates of infilling water resistivity. More often we deal

with estimates of water resistivity itself and then proceed as follows.
The amount of water which a rock will contain is, of cggiée, a
function of the porosity and perméability of the rock. The number

of ions in solution will be determined by the impurities in the

. 4
‘infilling water and the minerals within the rocks which go into

-

solution and are dissociated. Figure 7-1 shows the relationship

between porosity and resistivity, as determined by Zablocki, 1962.

~ He also gives the following gquations for bulk resistivity based on .

/
- the assumption that the rocks are water saturated. For a granular

rock such as sandstone,

. !

For jointed rocks,

_l.h
Pr = 1.4 Pu ¢‘f

\ . N ?
* and since most igneous rocks contain both kinds of porosity

“

! v / 1
- 1.4 2y"
G Py (0.71 ¢f + 1.67 ¢i)
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.0 = rock resistivitx

P, infilling water resistivity
¢i = granular porosity
1

. n¢f = fracture porosity.

For non—saturated rocks (most) we must multiply ¢i and ¢f by S;n

and S;n. Si represents the fraction of granular porosity filled

with water and Sf the fraction of fracture porosity filled with

*

water. Then (7.3) becomes, )

loh

=1
L (0.7 4c S¢ +1.67 028 iy (7.4)

+
- L]

Por most rocks, n = 2. ‘For a rock in which the water does not wet

~the grains (oil bearing rocks), howeve;, n mey be as high as 10.

If poroeityldata were available for rocks in general, we woogd

still need info;mation on the percentalg saturation of the rock and
the conductivity of the infilling water. The various factors which
we might expect to- influence the moisture and ionic content of rocks
are, the;efore, discussed in the next section. ‘With sufficient know—
ledge of these secondary factors, we may be able to determine reason-
ably accurate values for the primary factors of moisture content,.

. ionic content, and finally, conductivity. .

®

-

7. 2. 1. Geology

Lithology, structure .and age are the geologic factors

I~

of prime imgortance in determining the conductivity of a

ds
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v . rock. ‘fables 1, 2, and 3,providé a fairiy Eompreﬁenéive
picture of the range of conductivity of crustal materials.
Although mineralogy is‘not called out sep;;ately in these
descriptions, it £Swinherent in the lithologic:description. ;
More detailed informéqi?n on minerals which may proevide

‘ LTk free ions’in solutiof would undoubtedly pérmit de;crié—

¢

tions more closely related to the qpnductivity.' Dakhnov

gives some inférmation on the resistivity of minerals. N

Water content is, gor the most part, unspecified'ahd this

results in the rather wide range of cunductivities noted

for most maFerials. Tables 1-and 3 indicate conductivity

ranges: for materials as they are normally féund in -8itu,

14
whereas the lower conductivity‘limits indicated in Table 2

include values for 1aboratory'samples made virtually free ‘ ,

of water by drying.

_Thefvariation of canductivity with age is primarily
. C A .
related to the cempactness of older rocks and other factors

~

which reduce the water.content. Although the connate waters

\\\\\\\_//’:> contained in older rocks is likely to be saltier than the ‘
. . , -

Jwater Within more recepnt rocks, the reduced percentage con-

tent results in.an over-all lower conductivity.

.

It 18 obvious from Tables 1; 2, and 3 that accurate
estimates of electrical conductivity of rocks will require
- more data than that'typiqa}ly contained in-geolog;éal des-

A criptions. The important role played by past and present o

weather conditions will be discussed fext. C:: s |

) N .
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Weather N

A !
The connate and juvenile waters of deposition and

’ L

)
formation can be determined only from laboratory measure= ' |

.

ments. It might generally bé&sxpscted, however, that
similar rocks formed during the sams period of time might
have approxlmatqu the same water content with the same
order of magnitude of free ions. 6f sonsiderably more
imponﬁance for'nea; syrface rocks, however, are the effects
of veathsr upon water content.

The present rainfall and- the rainfall estimated to have
fallen in a given ré%ion during the past several thousand
or tens of thousands of years are important factors in
setermining moisture content, ion content, and conductivity.
At first thought, one might think that areas having extremely
high rainfall would bs the reglpns where surface conductivities
wsuld be the highest and conversely that in desert regions
’wé might expect, to find very low conductivitigs.\ More often
‘than not the exact opposite 1is closer to the truth. In gqn—'
gles and other‘aresg such as our‘pscific coastal régions,
whish,have extremely high rainfall and have had high rain;
fall for many, many years as evidenced by vegetation and .
erosion, 1t 18 very common to find thst ‘most sf the salts
have been leached out of the rocks by the heavy rainfall.
Thus, these regions generally have low conductivities. In. .

other words, the water contained in the rocks in these-

regions 18 relatively pure watet having a conductivity .
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. -2 b
gomewhere between 10 and 10 mhos per meter. In desert

regions, however, we find that water is drawn to the surface

by capillary’attractioﬁ where it evaporates, leaving behi?d

the salts which had been in solution. The salts 1in these

L al

-surface layers become ver§lconcentr§%ed resulting/in’high/
salinity and high conductivity. Degert regions sometimes °
N
exhibit conductivities from 10 to 10 mhos per meter.
. - - kN

Knowledge of weather conditions over thousands or tens of

* thousands of years are obviously necessary to obtain a true
. . .
plcture of expected conductivities. - Cs

The«prominent role which.water content plays in the con-

ductivity of crustal materials would lead one tonexpect con~

siderably lower EOnductivities when theseamaterials have'been

~\‘frozen. Such is exactly the case end, of course, this becomes

a very important factor in arctic and antaractic reglons.
’

Permafrost or gerennially frozen grbund.is fbendJin 3ger
. ; 'half ehe 1and area,of Alaska and Canada and about gneffifty
the. land area of the yorld 1s subject to permafrost, Brown
) "and Johnston, 1964. One of the classical wérks on electrical
conduceivity in frozen rocks was’done by ¥. A. Nesterov and
L. Ya. ﬁ:stErov, 1947, in‘tie Geological‘éurvey Institute °*
: ’ ’ of Russia. Tagiea 4 and‘S from Dostogelov, 1947, and Dumoe,
1962, show the effects.of temperature on a variety of mate::\
. e :
- ials. Figure A2 from Semenov, 1937, glves somewhat more

.o B CT detailed and definitive infotmation as it shows conductivity

.. _-as a &ﬁnction of temperature for a medium grain sénd for

4 . . P
! S

\
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various“concentrations of infilling salt solution. It is

evident -from this Figure that the freezing proceéﬁ does

hl [

not produce agstep change "in conductivity. This is due,

Y

. ) o .
"at least in part, to' the increased concentration of the

salt solution as the water begins to freeze and to the .

“increased pfessuré within the rock pores as the freezing

»

" . \
. water expands. Semenov indeed did find t;;E rocks con-

taining sands of different grain sizes, shales, and peats

©

all had different conductivity versus temperature char-

-

acteristics.

It should also be noted that dielectric constants

change with freezing as might be expected from the ,char-
acteristiics of ice qndﬂanoﬁ. This change in dielectric

constant can be of “importance at all radio frequencies,
~ P

Topography aﬁéafehology

. . Compared to geology an& weather, topography and pe§7
ology are of lesser'imporeande.for estimaging ground con-

‘auctivitiés. At high frequencies, howevér,vtopographical
features and soil'w{ll have an ‘important gffect upon
effective‘condhctivifyf TOpoéraphy can bg a very important
indicator of climatic. conditions which, as in@icated abéve,
are extemely iqportaht. Also, very rough terrain can caﬁse
.a&ditionai losses to aﬁ electrbmegnetic wavé propagaging

across it due to the scattéring of energy. This has the

effect of lowering the effective conductivity of the region.
. ’ »

The thin layer of soil covering most of the surface of

108
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. 8 . ' the earth 1s also -an itidicator of past weather cgndi;ions%
’ < and will b€ a contro’}ling factor of effective conductivity
.- . . .
. - ﬁ |
o for' high frequencies which do not penetrate bet}gaﬁh the soil
- Payer. In a manner similar to the study o_f.;rocks, the soil
. o~
, .type and récent weather conditions will be the pr. {factors
. L . in determining the effective conductivity of the 11 layer.
A} " * Y v.
‘ ’ "' ) s . . 1 ' % .
4 7. 3. Irue, Apparent, and Effective Conductdivities ) '
o 7. 3. 1. True o -- Mineral or Rock Bnit .
l“
. ' " -, Cube of homogenous sample, cm size.
.. Formati&h
° . - y . B Cube of homogenous sainple, one meter to omne
» ‘ LW : .
. \ + km size, diredtion may be important due to
. "1 ’ ° s
N T ' a{nisotropy.
-2 . . . . ,
. « Region N / '
) £ ) # Geoelectric or geologic section, anisotropy’
. ° b ‘so . .
s , ‘ - quite important.
. P 4
ot ' L @)
‘ ; , 2 e T Zhi .-
° j & Zhi . ‘e , . .
1 4 by, = STRITSD) . a.e
° ) - - ! L3 . - .
Foo- A . T '
. o+ . . [}
v D . p
/ ’ i { - - pT lhl ¢
: C ' B = Ihy :
. - - . * p h
- e . 22 |
- : p R [ , )
- < 3 3 ' ’
¢ \ N puhu ,
. N —> -
i . . . ' (Must be square .column, not -
L ' ' ) necessarily one meter)

N Q oy ! ,
. : A . . . Y
%, N ] R ? >/
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‘ Coefficient of anisotropy, A, ’ .
. S ', ;. ’ '
A= VpT/pL . (1.7)

~ \5 ‘ : { £ M *

5

Typical Values, ’

L, . ) L ‘ " Rock type l' AR
© . Voleanjc tuff S 1.1t01.2 .
'+ Alluvium, thick - 1.02 to 1.1

fIntegbedded limestone and shale 2.0 to 3.6
R N Massive shale peds S 1.02 po 1.05
o ¢ Interbedded anhydrite and‘shale 4.0 to s :
] s ‘ ' Graphitic slate \ 2.0 to 2.8

~

7.3, 2, \Apparent ] . ' ) ) .

N

‘Usually related to measured o where homogeneity and
’ \

« .. anisotropy are assumed. Becomes true o when assumption is

true.

Y

r-CD-—l [—'@'—1 :

- RN ' . 9. onstant (homogeneous and isotropic)
B ) . ¢ ' N 7 -

> N T

Appargnf = true . .

030 . o

oo . ) . C Apparent # true

\)‘ o “ [ , .

{ERIC e 110 N
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7. 3. 3. Effective o

= -

$ons )
Usually relatéﬁylo effect of medium on a propathing;

#plane EM wave. Determined from a, v, 6§, and n. The expres-

sion for effective conductivity for a two layer earth as

oo . obtained from Wait, 1962, is, )

+ h
Y1 Y?tanh Yi, )

o = 0 ‘_(708)

e 1 ) <
+ Y tanh Y' h
Y2 Yl n 'Yl 1

where - ;
%

= is the effective conductivity at frequency of

m s .

interest,
1 = is the conductivity of the first layer, : *
y = is the propagation constant for the first layer,
%§§ i = ig the propagation conétané %or the second layer,
and

~ h = ig the thickness of the first layer.

Effective cond;ctivity for a layered earth becomes very

‘  complex due to the partial reflection of energy at the

boundaries between rock layers.

, \ <, -

¢ Figure 7-3 gives the skin depth for conductivities
typically found for rocks, over a fre&hgncy‘range of

- interest for geologic investigatioﬁs. Figure 7-4 is a o Lo

map of North America showing the effective conducti&i;y at
-
i . a frequency of 10 kHz. Note variability and confidence

factors also given on this map.

e . b
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Rock Type

Anhydrite

Argiltire

Siltstone

Basalt

Gabbro

Shale

Colcareous Shale

Dolomite

=
Gronular  Limestone

Dense Limestone

. Conglomerate

Marl

Sand

- Frioble Sondstone

tight Sandstone

Petroliforou.s_ Sand

Slate

Rock Sait

Bituminous Cool

Sub-bituminous E:ol

~

Peot

Toble 1 Conductivity Ronges for Some Commdn Rock Types.
{Dakhnov, -1959) ‘ '

ERI!

Aruitoxt provided by Eic:




' L\
) 13
. . i 3
. ’ P«\
P TABLE 2 - .
ArPROXIMATE ELECTRICAL CONDUCTIVITIES OF EARTH'S MATERIALS (AT NORMAL SURFACE TEMPERATURE AND PRESSURE)
Material Approximate ¢ (mho/m) . Comments
_ {good 10 to 107!
soils{average . 10~ to 107 . relatively nondispersive.
poor 10~ to 107
() 4105
water{connate, in rocks*® 10~ to,1 .
fresh™ 10~ to 107 :
e snow (drifted, wet) 2% 10~ @10 cps to 3X10~* @10 ke {values very dependent upon temperature, frequency, and
) impurities.
ice (glacial) 10-¢ @100 cps to§X107* @ 10 ke
permafrost 104 to 10~ estimates likely to have variations similar to glacial ice.
marine sands and shales | 10~' to 1 E g
marine sandstones 10%to1 .
) clhay 10" to 107! .
sedimentst{sandstone (wet) 10 to 10~ - relatively frequency independent.
sandstone (dry) 10~? @100 cps to 107 @10 ke
limestone «]110%to 1078 L . ’
. rock salt 10~ to 1077 )
‘[granite 10-? to 10~ very dependent on water contént
igneous rock$basalt 10-* to 107% .
gabbro 10~ to 10~
peridotite 10-* to 10~7 @300°C . . . ., !
. [slate 10~ to 107 . ’ ‘
metamorphic|| | marble | 1073 to 1072
gneiss 10" to 1078 - .
serpentine ¢ - 12‘7 to 10
* . native silver §X10? ot L.
. ore bodies§]native copper 3% {0¢ to 5.7 X107 . ,
) m (PbS) 20 to 20% . .
v tite (Fes0) 10-7to 10~ .~ ' .
) Note: lower conductivities are found for dense, dry, rock samples believed to be of oldest geological age such as the Precambrian. The

values quoted are for frequencies in the 10 to 100-cps tegion. ¢ for dry rocks generally increases with frequency and:in many cases follows
a relation oe==kf* where m can vary with frequency f, and ranges from 0.1 to 1 in the 10 to 10%cps frefjuency r jon. The actual manner in
which ¢ varics with frequency can be quite complex and depends upon the material involved. Wait |7}, &33. indicates that the conductivity
* can be aﬂwoximatcd by the relation o=k 4ok log f in the frequency region of 1 to 100 cps.
* R. H. Card, “Earth resistivity and greological structure,” Elec. Engrg., pp 1153-1161: Novémber, 1935,
C. A. Heiland, “Geophysical Exploration,” Prentice-Hall, Inc., New Yoen., N. Y.; 1946.
G. V. Keller, private communication.
' K. Noritomi, “The electrical conductivity of rock apd the determination of the electrical conductivity of the earth’s interior,” J. Min.
Coll. Akita Univ., vol. 1A, p. 21; 1961, -
$ H. A. Wheeler, Electronics, vol, 32, p. 59; Scptember, 1941,
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Table 3 Probable pesgistivity ranges of rocks as a function of lithology and age.

-

ock Type

Age

Marine sand
and shale,
graywacke

Terrestrial
sands and
claystories,
arkose

~

Extrusive, N
_ volcanics,
basalt, ryolites,
~ tuffs, etc. )

Intrusive,
igneous rocks,
granite, °
gabbro

(Y

Chemical precipitates
limestone, dolomite,
anhydrite, salt

Quarternary’
Tertiary

1-108m

e

°15-50<,

10 - 200

500 - 2000

50 - 5000

~

Mesozoic'

L4

25 - 100

500 - 2000.

100 - 10,000

a—

Garboniferous

Paleozoic —

.
s

<«
1000 - 5000

200 - 100, 000

Precarboniferous
Paleozoic )

40 -
‘

200

100 - 500 .

4000 .- 5000

10, 000 -3100, 000

Precambrian

100 - 2000
\ t

’
300 ~ 5000

5000 - 100, 000

10,000 - 400, doo

v

]
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Table 4 Changes in goil conduc

tivity with freezing.

15 °

¢, (mhos/m)

o, (mhos/m)

v -
TYPE SOIL* t =+ 14°C =-5°C
. ' -1 -2
1. gray clay with layers of ice . 1.4%10 1.6%X 10
Q -2 . -3
2. clay, gray, gravelly 5% 10 6X10
3. .clay, heavy, dark gray ¢ Cax 1072 8. 7% 1074
4, clay, dark gray with gravel to 1 cm?’ 1.2 X 10—1 1.3 X 10-3
in diameter - .
' , . -2 -3
5. clay, gray, gravelly with layers of ice |. 5.7 X'10 2.0 1’10
6. clay, light, with fine gravel - Az x 10’/1 4, 5}30’3
7. quartzy, fine grained sand, with 6.8 % 150’2 2.4 X 0”3
slate particles . ) s ‘
7 A4
8. clay sand, with quartz admixture 2.3 X 1072 2, 1 X 1074
. ) - i -
9. limestone, fine grain with)admixture of| 5.6%X10 2 1.8%X 10 3
quartz and slate particles '
10. clayey fine grain sand with admixture | 1.7 X 107! 5.9 % 107>
of quartz particles s ‘ #




-

we is small compared to ¢ in evéry case from 0°C. down to -11°C,
from Dumas {1962]..)

(Data adapted

Molarity Temperature ' Temperature =-5°C Temperature = -14°C Temperature = -20°C
- we w e we
Solution q/qo A/(o @10 xHz c/co @ 10 kHz , @ 10 xHs ']
3 -5 -5 - -5 -
0. 10 138 72| 4.0x10 72 | 4.0%x10 3,5%X10 3,0X10 1.3X10
) .
2 0.10 239 2| g5 5.3x10° 103 | 5.7%x10°° | 4.6x107* 3.8%10° | 1.6x10
0.020 393 21 435 2. 2%107° 134 | 7.5%10°° 7. 6x10 5,7%10°°> | 2.7X10°
. ‘ S .
640 2 Q 9. 2%40 5 170 | 9.5%10°% | 2.3%10° 6.8x10° | 7.8%10
800 2| 228 | 1. 3x10* 189 | 1.0x10™* | 5. 1x10° 8. 3xto‘5, 1.8%10°
N 1 . y : -4 : -l - -5 -
1030 1150 | 6.4%10 222 | 1.2%10 2.3%10 8.7%10 8.2X10
. i 2}
Table 5 Values of ¢ and w¢ (measured va_lues) for sandstone -amplo'o at 10 xHz. Note that

9T
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Skin Depth, 5, in Meters
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" Skin Depth as a Function' of Frequency-

. 19
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For Homogeneous Material, p rel =
\ ) )

0= 10-8vmh037mefer

o

= | mho/meter
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FIGURE: 7»3 . Sl;in 6epfhs as Function aof the Frequency, of
P _Electromagnetic Waves for Yarious Conductivities
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PIGURE 7-4 103kHz Conductivity Map of N. America
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e " PROBLEMS
L4 - . : ’ '

<

. 7. 1. Given an igneous rock with granular porosity of 5 percent and fracture

porosity “of 10 percent., If the rock is saturated with sea water, de-
, termine the rock conductivity. ‘Also, determine the conductivity 1f

we assume the rock 1s saturated with typical ﬁresh water from a lake.

PEY N

' . ) . . v f

7. 2. From Figures 7-4 and 7-3, estimate the depth of. pertetration (skin
depth in the earth) of radio waves at Fort Collins from WWVL tnorth

. of Fort Collins), £ = 20 kHz and KCOL, £ = iﬂ410 mHz, How accurate

are these_estimateg likely to be?

3 4 e 4 . . <

. . .
9\ ' t .

3
-
7

ey »
o

.
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.
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8.

¢ 3

Electrical Properties of Living Matter

Conduction in living haterials results from the transportation of ions
in solution. Polarization is from all five possible processes including
the effect of dipolar protein moleculed. A very simplified description of
living tissues, adequate for discussing the electrical properties of such,
is indicated in Figure 8-1. We are primarily concerned with the cell wall

or membrane, the cytoplasm inside the cell, and the intercellular media

which tends to separate one cell from another. The properties of these

k]

. three types of.living materials are given on Figure 8-1. It is apparent

that the cell wall would tend to act as an insulator, producing inter-
facial polarization and low dc conductivity. Keeping this general picture
in mind, we will proceed to discuss the electrical properties of animal and

plant materials. ]

o

8. 1. Electrical Properties of Animal Tissues

The following material was taken for the most part from Pressman,

1970, chapters 3.and 4. Figure 8-2, from Pressman, shows the dielec-
tric constant and resistivity of -muscle tissues as a function of fre-

quency. ‘Pressman takes particular note of those regions where the

electrical properties are changing rapidly’ with frequency, i.e., the
dispefsion ranges. ‘The student should be advised not to confuse the

a, B, Y dispersion ranges with the propagation parameters:whicp we

L]

denote with- the sane Greek letters.

The & dispersion rahge probably relates to relaxation of the
charging processes on the cell wall. The apparent'resistivity decreases

as the capacitive reactsnce of the cell wall becomeé/lower with increas-

. ing frequency, Capacitive reactance, Xc is given by the expression:

125
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. .
~Xc 2nfC

.

- S
." . . The B dispersion ;ange'pfobably relates t; relaxation proce?ses
# within the cell wall itself. From 1\8 to 10!0 Hertz, the small
n \‘5 dispersion no;ed is probably associated with rela¥ation of profg;n ../’A
mplecules. |

The ydispersion range is undoubtedly related to the relaxation

.
L3

of the water molecule. Except For this y range, the above interpre-
3

tation of the variation of electrical properties with frequency sppuld'

- . all be considered subject to quegtion.

In general, data for the electrical properties of animal - . .

. ‘ B .
tigsue shows these tissues to have relatively high conductivities®
: ' M .

increasing with frequency. Dielectric constgnts are algg ) :
quite pigh, particularly at low frequencies, and remain large : 3
even in the Giéahert; range. The very high dieleciric constants at
low frequencies are undoubtedly due to interfacial and électrbcheﬁ—

ical effects, whereas the dielectric constant at the Gigahertz fre-

quencies is undoubtedly due to the dipolar protein and water molecules.

' 8. 2. The Electrical Properties of Plants

L 4
.

The electrical propertigs of plants, similar to the properties of

rocks and soil, are directly related to the moisture content within

Al

the plant, the physlcal distribution of this moisture, and the elgctri— .
cal properties bf‘the solutions. k .
_ Figure 8-~3 from Henson and Hasslgf, 1965 givés the electrical
- ‘piopetties of cured tobaceco leaves as a function of freq;eﬂcy and

s

moisture qohtent. The dispersion of dielectric constant over five

JERIC | o | S
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decades indicates a variety of polarization processes &t work. It .
should be noted that the authors measured the conductivity at dc as
‘well as the frequenéies indicated and found that 'the dc conductivity

was essentially zero. This indicates that the effective conductivity
. : »
measured can probably be associated with movement of jons for short

»

digtances within the cells. Other losses or conductivity effects are
probably asgociated polarization processes.’ It is interesting to note

. I3
that the dielectric -constant changed approximately linearly with den-

sity as the leaves were compacted, whereas the apparent conductivity

changed very little. This woyld indicate that Fhé space Between the

cells containing the moisture was being réduced (fhis is analogous

to the reduction of the spacing between capacitor plates). Apparently

the cell walls were not being crushed gince this would have resulted
. -

~

in an increase in conductivity.

. .
&

The 600 percent moisture for uncured tobacco leaves indicates
that these are percentage moisture content by weight. The relative

dielectric constant, €%, of uncured leaves was too high, to show on

1 .

the Figure. The values obtained for e/gg varied from 5800 at d¢ to

8d0 at 108 Hertz.

. ¢
L ‘H

The measurement of the dielectric constant of tobacco leaves

provides a non-destructive means for monitoring the curing of the

leaves.

8.2.2. Electrical Propert%gs of Grain and Seed

The electrical properties of corn and wheat are shown

.~

in Figure 8-4 over the frequency’range'of 1 to 50 Megaherﬁz:
This daE§ was obtained from Nelson,.1965. We find’a vari-

ation of electrical properties with moisture content similar

*

. K - ! 1 2 > . ) a
| . - /. .
o - N Lo ’ o / 4 ’ * et
) ‘v < - b [N
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to those noted for tobacco leaves. The variagion of the

* -_ properties with frequency cannot be compared very well, how-

. ) 'eve:, since the data overlap for only a small part of the fre-
quenci?q. The increase in conductivity with frequency

for the seeds-probably results from the essentially zéro

conduéti&ity\Between the individual grains. In oth;r words,
the con¢uction process takes place within each see§ and is
effectivg only'at very high frequencies.

These data relate to the non-destructive measurement
of moisture content. Long term storage of graimor seed‘

requires careful control of the moisture content.

-

8. 2. 3. -The Electrical Properties of Wood ) ’

Two basic classifications are appropriate for the
2

moisture contained in wood. -

+

1. Water which is bound up or absorded in the cell
walls.
' ; 2.. Free water inside the cells.
\ The fiber saturation point refers to the s;tq;étion of cell :

B walls. This apparently occurs at about 20 to 30 percenty
;; ’ . : moisture content (by weight) for most wood. This is evident
from Table 8-1 takgn from the, wood handbook, Agricultural
Handbook #72, 1955. The reststiyity or,conductivity‘of wood
changes‘qtité rapidly until the cell walls become saturatedi

but as more water is added the conductivity changes very

little. Wood tends to be anisotropic, with resistivity being
S
‘ . greater across the grain. ~ 3

- ¢

A

12g v

KL
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At 16 percent moisture content, the resistivity of .
a'p;rticular type of wood was 10% ohm mete;;§ This ié P
indicative of the very rapid change in electrical properties -
as the cell walls are saturated. In general, oven dry
wood is a’yery good‘insmiator, tﬁe res}stivtfy being approx-
imately 10'6 ohm meters. At one time, wax-impregnated
wood dowels were often used for ingulators for rad;o
station trangmission lines. ’

The resistances given in Table 8-1 can be used to

obtain approximate values for resistivity from the re-

o

lation: . R '
Vom i (8.1)
21rrca B *

where ¥ is the radius of a hemispherical electrode placed

in a media having conductivity, o, The resistance of this

electrode contact is given By\Ohm's law and we may write:

Py ™ 27nrR ) (8.2)
! - A
where P, is the apparent resistivity of the wood and R is

the resistance measured between hemisphefical electrodes.,y
The data given in Table 8-1 was not obtained with hemispheri-

cal electrodes. Long stakes or needles,howebe;,act as if |

they were a hemispherical electrode having g'rédius approxi-

mately edu&i to their length. Since the dafé for Table 8-1

'was obtained with electrodes 5/16th of an inch long, we can

. =3
replace r in equation (8.2) with the value 7.5 x 10 meters.

©
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axet
a

Therefore, the resistances in Table 8-1 may be converted to

resistivities with the expression:

—=2
.t p=m2.5x 100 R i (8.3)

o

L)

°

- The values thus obtained are in general aéreement with

- = other measurements noted in the 1iterature. o } .

The relative dielectric copstant of wood is generally

<

found to vary from 3 to 5 for quite dry wood and is approxi-

. ' ‘ .o mately equal to 80 for wet woods. This would indicate that

N the polarization processes for wet wood are primarily due

to the dipolar water molecule and thaf‘dfy woods are polari-

zed from electronic nnd ionic processes. The dielectric
. constant of woods is also anisotropic with the greatest
values being found parallel to the grain. This anisotropy

5

noted for both conductivity and dielectric constant is con-

sistent with a congept suggesting greater freedom of motion

for ions along the grain of the wood .«

’ : " t

» ‘ s - .

[
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TABLE 8-1 - The average electrical resistance %loné the grain in megohms, Measured at 80° F, between
2 pairs of needle electrodes 1 & 1/4 inches apart,.driver-to a depth of 5/16th inch.’
Several species of wood at different values of moisture content. ‘

* Kincortond resistance in megohms when the melsture centent in pwrocnt s
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nucleus

©O0
©

membrane

it O*QO ©0

intracellulaf media

~

cytopladm

~

prd
The following properties apply to animal tissue: '
N . , © 1) -

Cell Part - e’ . D
3 : T

membrane e l.1 to3.3 . 100 to 250 ohm-metede

cytoplasm : 80 " “1 to 3 ohm-meters

intercelluldr media 80 1 to 3 ohm-meters Yl

s
. S /

FIGURE 8~1 - Electrical Model of the Cell
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YIGURE 8-3 - Dielectric Constant (A) and Conductivity (B) of Cured Tobacco
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9, Introduction to Scattering-

.« e ! «

9, 1. Definitions - | . . K , )
' ' Scatte;iﬁg and diffraction are variations .on the same phenomena ‘

or physical process. c L. 3
I. Ayscattered field;is defined as theoéiiig;éhgg between the ’

total field with the scattering object and the field that

would exist without the scattering sbject; - Or,

.0 ) , . . > : m
L. . “e
. N ES=ET-EI / :
II. A diffracted field is defined as the total field in the -
v presence of 'the sqattering object. Or,
s v s * .

. p P
& oA ; -

: } X . g ‘ iiI; Reflection is usually used in reference to scattering from
%f - - ) “a sqooth,:often planarw surface. An image ofcthe light»source
%b;,f . - results. . - . S i . R )
{i C . 1V: Specular peflecggon is dgfined as reflectloc wheén theﬂangle ‘ .
?f . : , . of incidence equals the anglé’ofa reflection. ‘L *: . :
. D a- . . : !
i; hE N v. Baékscattering 1s defined ag that {:ocess or phenoﬁena f?icﬁ ' a
%; EER scatters energy back toward the éoprce. . .o e

t M -

VI, \Radar cross section is a measure “of the aLiIity of an object 7o

»
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9,

. to that from the target. It is defined mathematically as, .

VII.

VIII.

.
\

l'

2.

2, boncegts

Section 9 . 2

i ] ) .
to scatter energy. It is equivalernt to the area of an .

isotropic radiator which would produee a radar echo equal

3 w L
. o lim 2{_L
Og R_’?'bnR W

» ' -

~

Qhere Wr is the scattered power flux demsity at_a distance
R from the scatterer and‘Wi isvthe power flux dénsity in an
incidentlpiane wave field. ’
Polari;ation refers to the directional properties of the

electromagnetic field. Polarization is the orientation of

.y 3
the field vectors of an electromagnetic wave. In radio °

_physics, polarization refers to the direction of the electric

field v;ctor‘f; ih optics, it usually refers to the direction

of the magnetic field vector H. <

S

paer®

A linearly polarizeg.have has constant polarization, at a i

given point, with time.

Depolarization is ‘the process, always associated with‘scatter-
N . .

ing, whereby the polarization of the scattered energy is’

P

[ )
altered from that of the incident energy.

i

Scattering occurs because of an abrupt change in the glgg;xi

cal properties of ' the’ media through which a wave is propagating

s

The mass of the object iges not produce electromagnetic sCat~ N
tering. . M ) T
. . ' ©
Scattering may be oorreétly considered as the reradiation of
nergy, produced by currents induced by the incidént field.
Tl \ .

.
- . -

+ -~
. 1 : . . h
-
i . * 38 ! : A s 5
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3. Depolarization occurs whenever scattering occurs.

of,

.a)‘

b)
)

[

- )

5.

.

e)

L]

Fredgépcy
Target size :

Target shape -

Electrzcal properties of the target

Angle of incidence (except for

-

i
' T
N

t /]
kK

2

the sphere).

.Radar cross sgctioh,‘br'scattering efficiency, is a function

)

!

There are three size/frequency or size/wavelength ratio

¢

ranges of interest,

a) d/A <k Rayleigh Scattering oy « /2%

v, €efoy when 7D = X/é, (sphere) OS ~ . 30

!

and when' 7D = M8, o4 = 757

°

:“

nr?

pr? ¢

o

N\
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eristics of the media through which the energy is propagating.

‘value problem. .

et The solution of bouhdary, value'problems requires the satisfaction

. Section 9 . ' J;{Jb,d

.

w—

~b) d/x=1, resonancé scattering,o oscillates around nr<.

c) d/x >1, optical scattering dg = nr? .

The above are specifitally for a sphere.

6. Roughness effects are important at dimensions equivalent ’
to a waueiength. Roughness is not a usZable concept when o
referring to Rayleigh Scattering.

7. Why is the sky blue? ) N~

* A Blue v~ 0.4 micrometers

A Red v 0.7, micrometers
¢ g < 1 ‘ ] ) ' /
. S F\d
Molecule sizes ~ 0.Q3 micrometers. " ¢ -

R

8. The mathematical complexity of all but the simplest situations

"1imits our ability to ‘treat man§ of the interesting cases,

e

rigorously. However, we can'usually approximate the real
¢ world with some situation we can handle.
” B A -
Boundary Value Problems

-

Scattering'occurs because of a change in the electrical charaét-

There -

is usuaily an identifiable boundary or boundaries: between the different ‘

f

media. o Lo ;

Even in those situations where a boundary is difficult- to identify

we can usually make approximations and reduce the situation to a boundary

«
- ohe v ‘e

..

\ . - v

of:- 1. EM field equations in both media, and 2) boundary conditions.

v S »
P

- a

- - ’
. ‘. T - . A
. 1 . .
- - .
s ~ 40 ~
e . .. . . - b
e BN , R Ry . e Lo
. R . : . ) e T

A,
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:The following boundary conditions apply. at any surface of discontin-
) 3 .
. . >
‘uity.‘ <
a) . The tangential component of E is continuous at the surface.
- g
b) The tangential component of E®is continuous at the surface, except
'
. .at the surface of a perfect conductor. - ‘
c) The normal component of B is continuous at ‘th.e surface.,
d) The normal component of D is continuous if there is no surface ‘
h * >
change density. Otherwise D is discontin-ﬁous by an amount
equal to.the surface change density.
i - . v
@ > '
) - !
AR
: PO
) - o
- a@“’ -~
5 -
= .
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]
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10. Reflection of-Plane Waves from Plane Surfaces

10.1. For Perfect.Conductors

p
We wi]] consider firs normal -incidence,.
©T (a) For time va}ying fielys, neither E nor H

can exist in a perfect conductor., From:

. ' _ 2 1[2
) . 8§ = [;;;]

and for ¢ = =,

4

T T

’ . /.

(b) Also, there can be no energy loss within' a
. s )
» "~ perfect conductor, P = I2 R = 0. Therefore,
all .the energy must be reflected,
- (c) From the first boundary condition, Etaﬁg.

continuous, the field just cutside the con-

a
t

ductor'must = 0, therefore:

‘ .
.
Y .- .
"

To show direction.of prop%&htion we write:”

i}

Er ex@t)+ BX) = - E1 ej(wt - BX) (]0;])

g (d) For a continuous wave Eivand Er combine to

form a total field, a standing wave or,

" ET - Ei (ej(wt - BXl _,ej(mt + Bx)) (]0.2)
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This forms a standing wave as shown below;
. - v ‘ ’
-* / \ ’;
b ' O=w
' (e) For a radar pulse, a- standing wave is not
B established, but the pulse is reflected with
. ~its palérization“exact]y reversed, . ‘
k ' ’
- (f) To determine H, we note that since [ is
) ’ néversed, T must maintain the same polari-
{' . } | zation;ih‘ordgr to effect a reversal in
) propagation (from FXF); Since: - : :
) . Hi = Hr' then, . ) ;e
L ' HT.; Hi.[eJ(“t - 8X)  Qdwt ¥ BX)] - (10.3)
) . This forms the standing wave, ‘
. - . ‘ ‘ . ] :{.‘f‘, <
: ) . d -
' . Ve . ;

THRT L8 SN VN VAV ARARRR
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T6 satisfy boundary conditions, H = 0 "o
within the conductor, and twice H, outside

it, there must be a surface .current flowing

%

such that the amperes per meter equals the .

magnetic field intens{ty. .
Note that equations (10.2) and (10.3) may -

.

be put in the form,

Ey = - 2§E; singX ej‘"t ©(10.4)

HT = 2Hi coseX‘eJ"’t 1 (10.5)
. : A

The factor j shows ET and HT to be 90° out

3

of phase, ‘indicating no power lees at the
interface or'e1sewhere, which #s consistant
with ¢ = = and perfect refl;ttion. The stand-
ing wave pacterns also show a‘90° phase qif-

s

ference between the £ and B fields.

10:2. Reflection by ‘a Penfect Dielectric Normal Incidence -
Infinite Plane c-, ' ‘e

For a perfect dielectric. n= u/ .

hence, " V Yo “

.1€14
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Therefore, we may write, -

(10.6)
(10.7)"

(10.8)

2

L

which satisfy the-space gelatj,!ships in

each meﬁium.

The bounda}y conditidn. E and H tangential

are continuous, requires that,’

. 2
oy .t g

H'i + Hf- = Ht ) ' . - ) (]‘0.9)

,?% +:Ee = E,- Y t“ | (%0 10) °
£y r -t T .

B A
. 1\~£§%%ﬁning.¢hése five equations we get,

A

t

¢

. y ° :?—l A - = N
H, +.HL4.'L (Ei Er) H

1 ©

) . ' . IS
and thgﬁ by multiplying threugh by n and

rd

n, we have,

‘ﬂz‘(Ei - Er)
By (n2 -ﬁnj),

\
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2 : K similarly -~ = b (10.12)

F Hy o #0n

hlso.note that,

, 2 )
e S ~(10.13)

These solutions for reflectioh at normal incid-
ence, on perfect conductors and dielectrics, of infinite
exten%. are of limited=interest, but they do form a
baéis for comparison with ihe solutions of greater
1ntéré§t which follow. J ' : ;

If us= Mo equations (10.11) and (10.12) become,

-

E, vE - Ve

—_—= . o (10.15)
BVE A ' B
W VS -V |
LA ' (10.16)

‘ i Vs T
From (10,15) aﬁd {10.16) we‘see that for the it

dielectric class of materials, a high dielectric con-
stant will result in good refigctianor scattering.
You will fina many references to’SLR detection of di-
e1ectric ‘constant differences; they are refgrring to
the effect apparent 1n these equations and they are

assuming the materials are poor conductors (good di-

electrics).
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10.3.
‘\

H - . ¥
Y.
Section 10 ' 6
. Y

Al

Reflection from a Smod&h Plane Surface of a Medium
Having Arbitrary Consfants. Normal Incidence. .

The same approachdused for a perfect dielectric

will give us the same general answer:

‘ ) (10.17)
i n n .
2 1 X N

: _ | (10.18)

Now, however: g e
1fp. N

< «@. . «
Lo Lot due F

\
’

oy . .
' {10.19)

-
Juu _
_— - :
. wro™

(] *Jwe’ ¢ . . * T

N (10.20)

.n =
T2

For;the#perféct dielectric: o . o

-
- i
’

q; =0 pndjif

-
4

. P . <

. ‘ .
o =0 e, . j -
) N ' ‘ \

[ .' 1. v
ind we have the same result we obtained earlier.
Forthe perfect conductor case: - “

<




e/ »~ ! i :
/ which is also in agreement with our previous answer,

A B

10.4, Reflection from Sﬁéoth. Plane Surfaces at Obliqdk
Incidence N

Parallel
_or
vertical

FIGURE 10-1

For a pe;feqtly smooth, ﬁf;ne surface, there
will be no backscattered energy. This is obvious
from the geometry of the situation given in Figure
10-1, Reflection 1s now a function of polarizat1Q\¢
of the incident energy as well as the anglq_of

incidence. From Snellés Law we have:the relation,

”

sin &y ;V?;L ~ - (10.21)
sin‘ _62' Ql . v .
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:and from Réy Theory,. -
o =6 . © (1042
11 3 ) ) . N 2)
For a propagat1ng plane electromagnetic wave, '
the power transm1tted per square meter js given by,

- hr“ \ ) * { - * - )a
P=ExH, : . (10.23)°
For a plane wave in an homogenous isotropic media, .

2 -
P = %_ . (10.24) 7

Therefore, the power incident/meter2 on the surface

of the boundary will be,

. B2 )
P, ® 7 cos 6 (10.25) .
n 1 .
1 7 . . | ‘
~—— ‘ ’ " bt
“and at 8 = 0%, normal incidence, ' .
. . R
Ay 2 . i g
P"" 5._ .
i n
1 . .
. i - A
It follows, of course, that ‘ s
' £2 o' . i - ML
Py = —treos o ’ T (%0.26)
'n -2
2 . ‘ .
and g
T g2 )
>,Pr = —L cos o (10.27)
1 3 - »
" Now, from the conservation of energy we gét, .. _
N . ‘ - '
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. Case I.
) . .
-
&(-{
e
. (““
v 1
. o.
.
P ‘ e
: ~
, -
» L
B, )
&,

. E cos 8 L .
. ' + — ¢ i *
L gi cos e '

¢,;.¢-:<3"‘?~ N . . - ' . B A

. «+ . Section 10 . T 9
1 g2 éés g = L E2 cos o+ ;l:E23cos 0 4 © (10.28)
n i 1 n'r . 1 n t 2" R . *
1 y 1 : 2
’ . ‘ S - N .
16 cos o, P

and final]y if we divide through by — ‘E% cos s,

: "
we arrive at thé desired resu]t, ot al
r b
E2 ~  n E2 cos o °
Loy .t 2 (10.29)
Ef n E% €o0s 0
2 1
.Eanﬁ ?or a perfect dielectric we have, £
‘g2 Ve, E2 cos 8, .
_5 =1 .12 : : 3 o » "(10.30)
E.if§ \ 'ﬁ E'i-COS 91 )

s ~

In order to eliminate the Et énq E; terms in, the
right hand side of the equation, we must consider the

{;larization of the incident.energy. -

¥

Polarization Perpend1cu1ar j;prizontaﬂ) to the Plane
of Incidence

!

. "From the boundary condition, E p contin-,

tangentia

’

uous we get, ' - R .

i r . -t or N ‘ ' X

—_—= ] 4 — . '
E; T
Inserting (10 25) and (10.24) we get‘

+

g,
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,, ' e oy [ BN costes .
{ o1 - (=1 s —= L
) Ei € By cos © SR
. , 1 S . .'. 1 . v . ¢, -
- . - ' R ) .‘ -“
\ { . Er ‘.. L ’
N\, Dividing through by (1 + — results-in, ’
[3 A \E,i
. E e . E\ cos 6 ' C
4‘]“-_‘13\’_2.,14._&___2. S
E Ve E./] cos © b e
: i 1 * . } - ,
E = cos 8 - yE CoS © - ¢
or —L = A% 1 V—’ 2. (10.32)
E cos 6 + cos 6 . ‘
1 ARSI €2 2
& From Snell's Law.we can write the following,
sin © e " . . '
. ——l = e N !
‘a sin 6 . € T : : . o
' 2 v 1 ' . N '. - . /,
.\ . . ‘
'sin” e € ¢ .
f—1 = 2
Lsinte - € , - )
) 2 1 RS 5
or COS. 6 , = -’/ - sin 20, g, - (10.33)
’ 'fe-; : P A 1 _— \‘4,; 5 ) )
~—_ . T g . . . . ‘f I »‘ ‘ .
. Substituting (10.27) into (10.26), we 9ét",-' {‘ ", o
‘S l . . ’ - /' . N . J\ i ) p——— N
. Y- - 4 - S 26 . \) _r\
E'.!L Jrq'b cos el V52 in el < J .
e .
E ]/E"’ cos 6 + l/ - - sin2e _ ¢ C
i By 1 “2 ron | SR
e ‘ V e : . i ;
r cos 6 = ( 2/e ) - sin?eg - los ‘ |
©or — = ] | (10.34)F
+ - S‘iﬂze | ) o '’
1 , [
: ‘ ‘ Lot . ' .
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A

Note” that for normal incidence, equation (10.28)

¢ . .
\ ) e

~* reduces . to ) ' )
. . *Q‘ . . i

- f_r_;l-} V"l S -
- By ; e, }E}.+ 7, : o

\4

Case II. Polarization Paral]el to the Plahe of Incidence

gverticalz ' I - -~

©
>

The solution for this case is: . -~

€ . . € 14
E (-2/¢ )cos & = 1/;2/5 ) - sinZe
1 1 ] 1

r =
i (52/81_)(:05 ?1 + WEZ/EI) - sinzel

°
- !

& ® M I.J
. Note that equat1on (10. 28) and (10. 29) are

'generally known as the Fresue] Reflectlon Coeff1cients
(he -first worked out the expre551on fqr specular re-.
flection)., ‘ When consider1ng medium 1 (the-source

region) to be air or a vacuum we may write these
?

‘ equations as: \

o R : S
cos 8 -- (¢ -~ sin2g ) e ‘
R, = —— 2 ! .0 +(10.36)

Y . . l -
cos 8 + (¢ -~ sin2e ) /2 -
, 1 2 1. . C

Fl /
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- % -
Y ' - E i « ‘u .ﬁ - "
where R, r/g for horizontal polarization and R
Y s i . ]
= Er/E'*' for vertical polarization.

1
A

Our analysis of scattering so far has dealt only
with smooth, plane surfaces. Although rnot applicabl
to many real world situations, you should now have
some u;derstanding Sf the effgcf of electrical pro
perties and angle of incidence., Of more importance, .

we will find these results useful for comparison’with

«

solutions for .more complex cases, which require approxi-

mate solutions.

We will next be considering séatpering from sur-

*

‘faces most useful in'remote sensing: <
1. Rough surfaces \ ~ -
2. . Spheres L
3. Long thin cylinders L N
' 4. Curved smooth or rough surfaces.
. Ad » \ —
~— . N T8
M - ti.
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Scattering_ﬁrom Rough Surfaces and Other Objects

We have previously introduced aqd defined Radar (scatter-

ing) Cross Section as, ‘

lim ', . _ ‘
T * Row 4n RZ‘ ‘ ) (11.1)

We will now simplify the writing of this equation as

‘

follows,
-" . w ° ~a
o  * 4nR21W$\ ' . (11.2)

v 1’ v N

and will -keep in mind that it is valid onfy for distances, ,

; R'?>x and R > d, and that we are'concerned Rere with the

total magnitude of the power densities without regard:to
ﬁolar;iation or phase differences;;iThe term we have been
dealing wifh r/E , is the reflection coefficient. The
values or express1ons we nave determ1ned so far shou]d be
cons1dered Specular ref]ect1on coefficients, since they app]y
to smooth, p]anar surfaces. " o~

No%e that o is the scattering cross section based on
power densities normal to the directions of incidence "and

reflection.

» - }
.

Cosgriff, et. al., 1960, use another scattering para-

<

meter,ty, which is related to o  as follows,

. IS -
y = 4n R? —— . . (11.3)

Io S cos 6
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where IS'= Nr

. X
S is the area of thé scattering surface,
and %, is«the angle of incidence.

o
ta

It is obyious therefore that,

C A,

os.é xS cos o, . (11.4)

5

The denomwnator in (]1 3) is the total power 1nc1dent

on the scatter1ng surface (that surface thch is effectwve

4&

in generating the scattered energy at the observers Tocation).

v

We should also note*that_another commonly used term is,

. . .
G "radar cross section/unit area of terrain.
] { ! e

\ )
* ~

11.1 Recwproc1ty as App11ed .to Scatterwng
For notations of the form, Yoy note that the first

subscrwpt refers to the pola#izat1on of the: 1nc1dent energy

and the second subscrwpt refers to the polarization of the

LA

scattered energy.




5

WS 682 : ‘ _ section 11 . ' 3

T ’Noting the geometry of the scattering problem, Figkre 11-1,
_ we can obtain from the reciprocity -theorem.

Ao cos 8, Yy (e, . O g) = cOS B Yhh, (6 ¢, 8 ¢ )

&

. e ~ =
2, pc0s B Y o (eo b, 0 ¢S) cos 8¢ v, . (eé ¢S..90 ¢d)‘
. ’

\

o R
. 8 8
3. cos 6, Yyh ( 0

b,. S bg) = €OS 8o Yy (6 ¢, © $\)

v

4. . cos 8, vp, (8, %0s O ¢S) = cos 6. Y.p (8 o3 8o 9 )

-

( N
% >
‘11.2.' Sca%tering From a Rough Surface ': - P .

: Using the geometry of Figure 11-1 and consider1ng a
rough surface, the a1t1tude, zy of the surface may be des-
cr1bed through a Four1er series expans1on. resu}ting 1n a
series cf‘sine waves which may be treated mathematically.

For insceﬁce, for a square wave we obtaiﬁ the Foprier series,
E =Ry [sin ot +1/3 sin'3 wt + 1/5 sin 5wt + .3 (11.7)

We ane interested, however, in aper1odit, random surfaces:

If z = f (X, Y), thep we sh ipe Z as the'mean”amﬁlftude

of the surface roughnes and z2 as t e mean square of sur-
face roughhess: |

| To estab}Ash a roughness figuye for concrete and‘
« asphalt surfaces (Cosgriff, et.al,,1960), plastér casts

, were made ‘of\gepresentative surface areas. The casts were

)

"' \ sliced into sec 1ons to expose surface profiles as shown-

¥
?"z Q
{8 . . . . 1 —
; MC ‘- T — = D‘
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“

The surface heightﬁmas measured every 0.25 mm. Numerical

techniques were then used to obtain a Fourier expansiﬂh
” ' and to determine ‘72 and correiation coefficients for sur-

. - face variations. The solutJ.on for scatter:Lng fram a slightly
rough surface is given for backscattering only (69 = © s) by Cngrlff!

et al., 1960, as, & -

v

y = 8 sin3 o T 22 K" j’o(r) g (2 K, cos 8) rdr 3+ 8)

v » ’ * )
- where,

o is angle of-incidence
, . Z2is mean surface roughness

K=B=2“/Y0’7 \

N o(r) = o( ¥ x2 ] YZ) where X and Y are positions on the

surface and p(r) is the autocorre]ation function for the
surface. o ! .
Jo is a Besse] Function of argument (2 Kpr cos 8). .
¥ 13 a function 51milar to Fresnel Reflection arRd con-
tains poiarization, ang]e of 1nc1dence, and dielectric
constant dependences. See Equattvn(i] 9) and (11.10)

‘The reader should note particularly:

\ 1. The direct dependence on Z?

2... The inverse ‘dependence on 1
' I

+ 3. The similarity between T and Fresnel Coefficient

‘as evidenced by the equations for T,

. . *
.
o
rovied oy ERC . l 07 -
L T . . : : .
.
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- impossible to compute for many app]fcatiogs, a good esti- -

Section 11 . 5

5 L. " ey v 3 e = 0) 2 ’
B |sine +¥ey + 3 e; - cos? 6]2

’I—' h : -~ . 2
(e, +dea - VIEer + Je2)(1 + cos? e)- cos? eﬂ

T. = | :
v _(e1+jez)sine+V?l+jez-cose]2 __l

-

(11.9)

(11.10)

Approximations of a Rough Sg{gace

Even though random roughness 22 may be different or

mate may be ohtained by not%ng the following.

<

Peak
(a) For a sine wave I/N\‘\’///’\\\\
The mean square value = 1/2 (Peak)
) A . ‘ [N
(b) For a random surface,
>
l’
'I' ] , s
KTy Piad . 7 Z, " v
s AN
) ~ ! A o
Nl ’L‘kJ\ { ’ 44 -8 !

we have three ranges of dimehsions (X and 2)

~

Because of the ]/A“ term, it

Note that
indicated on this drawing.
is probab]e that only one of the three may ‘be. treated as a

rough surface scatterer at any one frequency. The other

size ranges would either have no effect or they would

appear as terrain features or have large object effects L

Y

(to be treated as cylinders, spheres, planes, ‘etc.).

- . - L}

o

y | - 158 .
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-~
. L4 bl

Peak ayerage values for Zach of the surface feetur!s-illustrated

appear to be: ‘ t, - .
. AMMAM/\W
» R
L U

From these, mean square values may be estimated as,

MS = Z2 = 1/2 (peak)? (11 11)
ifor each frequency or size range indicated.

Note that the frequency effect will relate to - -
ddmensions parél]el‘to the electric field. For a truly.

random surface, z2 will have the same value for each

-

frequency or wavelength range of equal bandwidth, ¢ -

.

L %3 " . in equation (11.8) should be evalueted.relative to the
v - wavelength of interest. \\\\~' h . ]
- Nhen evaluating, roughness we must be careful to’ 0
consider skin depths. Mater1als which the energy sees

through will not seem as rough as the1r phys1cal dimen-

e
sions would indicate.
Resonance effects will be set up for periodic
roughnesstsuch as occurs for water waves. HF scatter
from sea waves may be very useful in measuring pre- -
iy ' dominant periods. .
A | ' e |
SERIC o 15y I

i R AY ‘ .
%?g . ) ’ L S . ‘ ‘ = i
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At normal incidence, the fract%on of tota}ﬂﬁncident
. poweﬁ speculérly reflgctedffrom a roughj@urfate is
.
W ' 72
r = exp -2 {gﬂig—jj}z

"wi (specular)

- . , .

(11.12)

. P
-1 ’ ;
when (22) /2 = »/,m only 13.5 pegrcent of the incident
. power is specularly reflected (o0 = =),

1/2

when (12) = —7§§;;,only 1.8 percent reflected.

3

11.3. Scattering From Mathematically Describable ShaBEs

Figure 11-2 through 11-6 give equations and results

“for scattering from various shapes ;f interest. All of

these results assume a perfectly conducting matepial.

Y
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Thin wire with incident planc wave.

——— .VARIATIONAL METHOD
--=-—-— EMF METHOD
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INTEGRAL EQUATION :
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Anguler responss of wire (after Tas). Angulasr response of wire' (after Tax).
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- . APPENDIX
" ¢ =
. . . . .
Formulas for radar cross sections of scatterers of large .
characteristic dimensions
s L4
Sealterer . Aspect Radar cross section Definition of symbols
Sphere - ¢ = nat a = Radius
» = A’ : =
. Cone Axial =I5 tant 0, 8o gg?f?angle
- - - = -
. . L 2, = Apex radius
Pmbolond. Axial ¢ = $nf} ® 7 of curvature
a, = Semimajor
Prolate : . axis .
spheroid Axial o = nbija; | by = Semjminor
axis
. . ’ At 0, = fangleof -
Ogive Axial 6 = ;—tan'f, tangent nose
16z
' _cone
: Incidence at .
Circulat = ma? cot? OJ1 (4__2"_'_.“ i ) = radi .
plate mil: 8 tolo = ma?cot?bJ] 7 sin 0 ) | = radius of plate
La.rf flat ’ \ N
-~ &b?l of Normal ¢ = 4nAYAY A = Plate area -
shape ’
Ciroutac | 1ocidencost|  akcos0sint (tLsind) jo = rodius
" cylinder | *P8 0 tae | 2 g L = cylinder length
°

Hbapstit

I

14
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PROBLEMS

The power density.incident (8 = 60°) on the earth is given
4 " ' L .
as 100 watts/m2., The energy received at the radar receiver
input terminals is one microwatt. If the airplane is at an

altitude of 15,000 feet énd,if the ‘radar antenna has an area

of 10 square meters, compute 0.

> -

Consider a lake with waves averaging 6 inches in height. .
. What is the highest frequency at which the lake may be

represented as a smooth surface? Over what frequency range

‘can’ it be treated as a rough surface?

. . )
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12.0 Side Look Radas ' C

We ére going to~consider the.Side Look Radar Sy'stems in
terms of system effects on' system performance. We will not
be concerned with the details ofAsystem design, We will
examine: . . 2

¢ 1) Resolution. . , .

2) Dynamic range

1 L \
_— 3) Propagation effects
. 4) 1Image quality
7
5) ..Overall specifications .

12.1 Slant Range Resolution

For a short pulse, propagation time to and from the

target, At.’is given by,

X ' st = B2 - - ' T (12.n)-

8
where R is range and C is velocity (3 x 10 m/sec.)

e, If return pulses are non-overlapping (in time), resolv-

' ab]e, then differences in range must be, i
| (12.2)

L where 1 i;ﬂpulse width., Let AR = slant range resolution =
: p = &1 Then, ground rgnge resolut1on iS,
Rg 2
. C b LA Lo
op = zl sec ¢ (See Figure 12-2) (12.3)

- ] < |
Ultimately then, the range resolution is limited by the
system abi]ity‘tb generaté a very narrow pulse of energy;

In the 1imit:
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at Ké band v ., = ——ﬁ—l—:ix\
33 x 10°

-1f
3 x 10 . sec.

| [}

(3 x 108) (3 x 10° )2

4,5 x 16'3:meters

This would be a Monopulse Radgr such as fs proposednfor'snow
depth measurgments. This is very difficult to achieve. The
Westinghouse AN/APQ - 97 system h;s a pulse width of 0,07
microsecond. Therefore,

DPS (3 x 108) (7 x 10'8)

,.ﬂ

10.5 . meters

L4

It is specified as 12 meters,

Narrow pulse width requires a wideband transmittef and

o

recefyer, i.e.,

BW = 0,159 . : . (12.8)

-

This limits or se&s transmitter power requirements because
noise .power is proportional to the square root of bandwidth,

Azimuth Rgsolution

‘Aftenna beamwidth, 6, for a




Sp g
T

s -

\\v) S‘Weters. The-Westinghouse AN/APQ 97 Side Look Radar system .
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Parabolic dish antenna is given by,

50)

6 = 5~ (Uniform illumination) (12.5)
. o )
For ka band, x = 10 meters and if D = 5 meters,
2 .
10" \

6 = 50 x 10

5 .

0

= 0.1 g

[

The antennas used for §ide.hook Radar systemé are not

' parabolic dishes but are long ljinear arrays. The focusing
of these’ adtennas is- accomplished by proper phas1ng of the
signal received from each portion of the antenna. The re-
sojgition obtained for an anteppa 5 meters long is equivafent‘

to that obtained for a parabolic dish having a diameter of

spectfies an antenna beam width pattern of 0.103 This resufts
in an azimuth resolution. of approx1mate1y 21 meters at a 16
~ kilometer range. 0bv1ou51y. the pulse width_for the system has
been adjusted such that the range and az1muth reso]ut1ons e
approx1mate1y equa], resulting in an illumination of a square
o

L]

patch.of terrain. \

12.3 Synthetic Aperture Systehs

£

The physica*f]imitations imposed by ioperation from dn

aircraft has suggested the development of synthetic or elec-

tronic means of improving the reso]ut1on of Side Look Radar N
systems' The Goodyear AN/APQ -102 Side Look Radar System

makes use of the Dopp]er phenomema to obtain a synthet1c

aperture. The Dopp]er effect 1s, of course, the apparent
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with respect to the source of the waves. Tﬁe-source in this

~case is the réradiated orreflected energy from the targeti

Figure '12-3 illustrates the concept assoc1ated with a Dopp1er
Synthetic Aperture. system. In pos1t*bn 1, the aircraft is "
approach1ng the target and signals returned from the target
wi]l be shifted a known amount*depend1ng on the a1rcraft

speed, the range R, and the angle 6. Signa]s having a fre-

quency shift consistent witp this positipn are stored for

later protessiﬁg. In position 2, the aireraft is now directly -
opposite 'the target'aﬁd signals returned from the target will
exhibit no frequency shift. Signals exhibiting zero fre-
quency shift are stored for process1ﬁg with the s1qnals

-

received from this same 1ocat1on when the aircraft was in
position 1. HWhen the a1rcraft,reaches°p051t1on 3, it is now
moving away'frop the target and the signals returned from the
target will exhibit a negative frequency shift consistent
with that 1ocat1on range and angular pos1t1on.rfThese Ssignais
are also stored and will be processed with the signals stored
for the same target location when the aircraft was in posi-
t1ons 1 amd 2. It should be 1ntu1t1ve1y obv1ous that this
system now has a synthetic or apparent aperture equ1va1ent
to»the distance between pos1t1ons 1 and 3 on Figure 12-3.

AY

For small angles then, we can express the aperture, 1,

according to the reﬁation, 4
L = oR S . C (12.06) )

lud
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where %, Ry, and L are defined on F1qure 12-3. Fraom equation

(12 5) it would appear that the system resolution would

A

RN

1mprove w1th smaller antennas, 1i. e., smaller D. There
are pract1ca1 system 11m1tat1ons to this however, and in-

practice, antennas 3 to 5 feet long are used.
The actual resolutions obtained.ﬁith synthetic aperture

systems is not known s?%ge system specifications have been
c{assified up to this timé. For'a more rigorous and technical
description of sythetic aperture systems, the reader is refer-

red to Brown and Porcello, 1969.

b2
The cathode ray tube (CRT) and the fiJm used for perman-

12.4 Other Resolution Limits.

ent recording of the imagery are got presently a limitation
o in overall systemﬁkeso]ution,a]though they could be fov
'future systems. A minimum spot size for advahced CRTs is
apout 0.0007 inch, For a 4 inch thbe,.wé can obtain 5700
potsuber sweep., If this is related to a ground sweeb of 21 T
kilometers, then each spot is equal to 4 meters on the ground U
Obviously therefore, the CRT is capab]e of accurate reprodiction ‘
of imagery obtained from Side Look Radar systems today.' The

resolution of the film is about 4 times better . than that of

~

the CRT.
12.5 The Classical Radar Equation . ' .
The radar equation may be wr1tten in the form, . gﬁ?
l’té‘@ A N
T"R'T er (WattS) S (12.7) =
- - {a). (&) (e)
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where the first term in the equation, (a) represents trans-

mitted power density at range R, i.e,, it is equal to wi,

41!Ae :
G = - (antenna gain) (12.8)
A .

’

where A .is antenna ejje;&ive area in meters?, The gain

of an antenna is defined as the 1ncrease in power dens1ty

-
radiated in a given direction compared to the power density

which wou]d be rad1ated by an 1sotrop1c antenna, assuming
the same total power is radiated. The second part of the
equation, (b) is, from the definition of ac, Hr. The third
Pl 1 *
part of the equation, (c) is the effective receiving
* aperture insmeters?, A . . MWe see, therefore, that

S = Nr Ar (watts)

The radar equation is usually given in the‘form)
P, G2 5\2 o -
.t
ST R

¢ em

Then substituting (12.8) into (12.10), we get,-

P, A ¢
S = Trtr_Tg_F : (12.11)
»Ac\ua]ly, when the target fills the beam of the antenna, S
to vary as ] (no” longer have ant source and FZ.) ]
“This the condition found for most remote sensinq app]1cat1ons'
of radar, ~ Further informdtion on radar systems can be obtajned
from Berkowitz, 1965, Crispen and Siegel, 1968, and Wheeler,
1967. 1'
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12.6 Attenuation of "Radar Waves

The attenuation of electromagnetic energy in the giga-
hertz range is given in Figure 12-4 for a clear, non-cloudy
‘atmosphere. At the Ka band freeuency of 33 gHz, the total
attenuation for a range of 20 k110meters wou]d be just s]1ght1y
more than 2 DB. It is apparent from this curve that frequenc1es
above the ka band must be carefully selected to avoid excess-
ive attenuat;on.

Additional attenuation will result from the presence of

clouds and precipitation. Prior to the formation of the pre-
\

c1p1tat1on, water drop sizes in clouds are generally less
than .1 millimeter. From Figure 12-5, it is appareng that
the effective cross-section and therefore the scatteqiné '
and attengation will be neq]1g1b1e. As the drop sizes in-
crease,and‘prec1p1tat1on beg1ns, attenuat1on will become

-~ significant, Figure 12-§ gives drop s1zg distributions for -

~\
several ra1u rates from Mitchell, 1966. Based on this inform-

ation, ca]cu]ations of at;enuat1on rates as a function of rain

rate have been made. Jhe rgsu]ts of these calculations are /////f///

given in Figure 12-7 from LeFande, 1968. More accurat )
l‘attenuation rates can be obta1ne¢ for Ka'band +adar by

reference to kfgure 12-8 fromBOguchi 64, He has computed
“the effectan attenuation of the disortion in the shape of a
‘falling raindrop. | ' ’

" In conc]usion, the -attenuation of Side Look Radar ene{gy

w111 be neg]igib]e in the absence of any prec1p1tat1on. .,
. .. -
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Precipitation will ‘cause appreciable attenuat1on of the energy

however, with ‘the resu]tant degradation of 1mage qua11ty g

Dynamic Range Requirements-

-

The dynamic range- for ref]ected signals from radar targets

may behas great as 70 to 90 DB. This dynamic range is beyond

—

the capability of .most receivers and is certainly ‘beyond the

" capability of the cathode ray tube or film recording system,

12,8/

In order to maintain a reasonable range of gray scales on the
film, an automat1c gain control system is used. The receiver
senses the average energy being received and adjusts the gain~”
of the systen to.obtain an optimum range of gray scales., The
gaiﬂ of the system will change therefore, as the general char-
acter1§t1cs Qf the terrain change., For instance, if the a1r-

!
craft were p@§s1ng from a mounta1ness region to flat prair1es

or farmlands, one would expect the gain of the system to change’,

considerably., A gain change of 10 to 30 DB could be antici-
pated for this situation. It is impossible therefore, to make
quantitative comparisons of image brightness (one region
compargd to‘another) unless a record is maintaineq of changes
:h system gain N ‘ _ , . P

Image Quality : . o

.)L A var1ety of factors can affect the quality of the imagery

obta1ned These 1nc1ude excess1ve mot1on of the aircraft, the
, .

.effects of prec1p1tat1on, mounta1n shadow1ng, f11ght d1rection;

and other factors assoc1ated with the operatlon of the total

system. These’ k1nd of problems can be ant1c1pated Yand the-

‘ individual, contract1ng for redar imagery , shou]d spec1fy the

S 176
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quality ef images which will be considered aceeptable.

Image Interpretation ) e k)

Most getailed’interuretations today depenq hgavﬁly on
prior interpreter know]edde of the relations between terrain
features,, vegetation types, and the climate and geo]ogy of
the region. This apriori 1nformat1on allows the 1nterpreter
to re1até changes in the br1ghtness and texture of the 1mage
to changes in terrain, vegetat1on, and geology. In eﬁfect,

the interpreter relates a,var1at1on in the%1mage'to a change

in roughness or electrical properties and further relates

-~ ~ 3

.'this variation to known vegetation, topographic, and’ geologic

-

cond1t1ons of the reg1on

Automatic 1nterpretat1on of data must wait for digital
og analog magnetic tape record1ng to be effect1ve1y used.
Bi-frequency, mu1ti~polarization systems would obvieusJy be
very vaTuable in sebarating reughness and electrical property

effects.

- -

The effective interpretation of radar gmagery for Panama
and fo# certain‘barts of Columbia is amp]e evipence of the
present vajue of this eystem.'"Significant improvements and
enhancement ‘of this_value can be expected 1n'the near- future

Many articles are now available in the open 11terature,

which descr1be the effective use of radar 1magery for toe/ﬂj

‘graphic, geo]ogwca], and. vegetat1an analyses. '\\\

. . _ .
s S L.
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g ~ 13.0 LOW-FREQUENCY SYSTEMS {SURFACE) ' ., _ . N :
T . By low-frequency, we mean frequencies‘from 100,000 #z down to ’ .
. '\. . R ) . Al “ - .
-#fractions of one HertZ. Surface systems are those systehs which must *
) . be operated on the ground. They qualify as remote sensors because they
.are used primaril§ %o detect subsurface objects or conditions. Low- .
: . ;' ‘ ¢ \ . [ ]
8, frequency systems (surface) include: T : .
- l. - * v ‘ .
.o (¢H) Foureterminai‘arraySu_ '
[ _ (2§ Induced polarization (IP). . S
h ' (3) Wavefimbedance (also known as intrinsic -impedance, magneto- .
i .. \ \ L . ‘ . . .
tellurics, and audio magnetotellurics). . *
' N . L% .
“(4) Wave-tilt. v ' -
‘ . ~ = 0 .
wﬁ = N . . - . . |
) . (5) * Loop coupling systems. , . . . |
(6) Well logging: .. - A B a%ry
. . Lt VI‘ , 'w . v . - . ) \', .
L , This secg&on will discuss in,detail only‘fhe_first three, since (4) ,.
ig.really a variation of (3), (5),1s considered partially under airborne L
systems and (6) does'nét really‘dual}fy as a remote sensor, N -
] . - . - . '
. . . —n‘- . _r . ‘
. - g ‘ . . . . . ﬁ
- ft . ) " . e . . - |
e : o ‘;-5 . i' T '_}' ST e
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13.1 “FOUR-TERMINAL ARRAYS

Ground conductivity\t measurements have been made with four-
termminal arrays since the turn of the century Their 1mportant advan-
tage is that the contact resistance of the probes does not enter into the

calculation of the apparent conductivity of the ground.

General Case

. hd -

@

~

Referring to Figure 13-1,a d.c. current source I produces a current.

density J at radius r whef the current sink is located at infinity.
I s
area of hemisphere

E
=
P

" apparent re'sistivity in ohm-meters.

»

- apparent- conduct1v1ty in mhos/meter

potent1\‘(11 gradient at po1nt P}n volts/meter

by

The potent:.al azstnbutmn in the ground is:

v
- -

] N . [ ’ ° 00

5 - g |
Zﬂra',‘Zﬂr% r
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[N

h
where 1=

At any point P,’° the potential due fo ‘both turrent sources is

.

Now consider the éeneral four terminal case in Figure 1322

A
Cl and C2 are current éource:_a. Pi and P2 are potential measurement

points,

Ay

Then ‘




. aré shown, for which we give th

- .5
a ) J' '
and then apparent conductivity, - . : N
. ‘ . ‘\‘
. = I [ 1 + 1 . 1- 1 }
. a 2wV Clpl CZ?Z . CIPZ (\ZZPI
. . ~. - (13.8)
Where | &a = apparent conductivity in .mhos/meter.
. I = current flowing between Cl and CZ in amperes.
" v = voltage between P, and P, in volts. .
) ‘ C1P1 = dista,nces between named points in meters.
. CZPZ = distances between named point‘s in meters.
14 . .
Cli?z = distancés between named points in metetrs. . -
C,P = distances between named points in meters.
= ﬂ& ) . - &
- v \

This general cage equation is valid for all arrays if direct current is used

and the ground is horhog,eneous and isotropic. It can be simplified accord:

ing to the’ geometry of ‘each array. In Figure (13-3) some common arrays -

o
-

e simplified formulas below.

4

The Wennér Array. M

I .
¢ = mhos/meter.

.

¢ Average current to potential electrode spacing, b =_1. 5a.

.- A H

The Dipole Array. _— .

B I

o ) ¢

a ] mhos/meter

a.l TE [ b(bz } aZ)_

5

. (13.10)

.

_‘Where b = average spacing between dipolés.

-

\




B \
ifr
'_9_'.______—-_____‘& @ Pz_______________Cz
N a A c|: : a
p—
WENNER ARRAY
L4 \_7 } . ;K ~ b ) ‘ ‘ : ' '
O« Cz . . Py "7 P2
. oijp—o - . o-V—o
l—-o—-‘ fi J} L—o——l‘
‘ IPOLE ARRAY
o "’ " v‘
. | - |
Q&“’——q"ﬁ .| - €2 P" @ | — Pe
I« a 1 - a 1 G |

. o, . "RIGHT ANGLE ARRAY

[
X

13 . ’

. Figure 13-3 . COMMON FOUR-TERHINAL ARRAYS




‘b = 10a, then S :
I a‘Z )
§ - & = - mhos/meter,
. . a: . b3 f .
. T B (13.11)

The negative sign indicates opposite polarity of E with re'spept to L.
~ < a

’

The Eltran Array. (A Special Case of the Dipole Agray).
: ' h

R S rﬁhos /meter - il
- a 6rakE (13.12)

Al
L) . L

A;\rerage current to potential electrode ‘spacing, b = 2a.

’ / .
The Right Angle Array. . e )

This array is used effertwely for a. c. measurements because it

eliminates mduct;ve couplmg -between tHe wires,

R
~

3. 05284 1
G =

‘mhos/meter ~
. a L akE /

' . (13.13)

The average current to potenfiai electrode spacing, b = 1. 707a.

) ' . ~ v
It is possible to spread the array apart for deeper soundings without

changing the probe distances. /It then becomes a dipgle array with its
L 2 : .
dipoles at rig}xt’angles to eac}' other, L :

The dimension 'b" given/for each array mdicaues the relative depth

of sounding.
[ - ) . s “,

> 13.1;1 Two and Three Layer Interpretations

-

a

The data obtained by any of the methods desenbed prevmusly is - .

plotted as [ (mhos/meter) versus b (mcters) Smce o is thg"apparent

. conductwity of any number of layars, 1nterp.ret1ve mf‘thodﬁl’ are used to WO )
""*-% ar rive at the conductivity of edach layer: . . ) 5
Z\«\ . LY
\ . - v
. . P " ‘




Universal Theoretical Curve Dévelopment . b

This derivat:l.on is fully developed by G. V. Keller, 1966.. We only
propoah ta give itg basic structure so that the reader may know the back-

ground of t’he thgoretical curves mentioned below.

To determine the current distribution in a two layer earth model,

we will‘use an analogy to the 1ig:ht dis‘tri,Bgtion_ in.a two medium optigal
model. Lo‘oking' at the 6pti’calmpdel, Figl{re 113-4,', we see a pgint light
soutce at A in a semi-infinite half-.spac'e of air overlaying a semi-

infinite half-;space of reflective transparent glass whose coefficient of -
reflection is K. At M the light intensity is the sum of a ray directly from
A and a ray reflected from the boundary which has an image source at A'.

{
Then we can say that at’ .

M1 the light intensity = 45“ [ lﬁ t K 5 :‘
(aM))” (A'M,)

rd

<

where S = source intensity and (AMI) and (A'Ml) are distances from the -

gources.

Now in the electrical model, Figure 13-4 also, we swill establish a point
current source at A in a medium of conductivity Ty overlaying a medium

- of conductivity 05 Following the optical analogy, tl}e total current at M1 is

-

)
,;~_I 1"+“K12

_ M)~ 2 - 2 s \
- ! (AM)" (ATM)) 5 (13.14)

A

where
- T, -0, .
12 o;lwl-trz

. (13.15)

~
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Two conditions that must be met are (1) the potential function must be con-

e
tmuous across the boundary Petween the media, and (2) the normal com-
/ . -

ponent of current flow acrosa the boundary must be continuous.

-

For the three layer electrical model shown in Figure 13-4, the first -

‘medium will be air, the next two \;ill be mediums"of conductivities o-1 and
. . ‘- .

: s The current source is on the first'boundary as is the observation
point. As before, there is current at M direct from A and reflected

) currefnt from image source A' of a magrutude 1 Kl?. In this case, since
A is on the first boundary, in order to satisfy the boundary conditions, _

we must put an image source at A"l. This necessitates another image

source below the boundary at A:’. and ’sown, an infinite number of times;

each turrent being diminished by the factor Kl?.. Then the current

observed at M. is the sum of all the currents from sourcesQ’A to A' . .

1
It is from thissnodel that Keller derives an expression for apparent
conduct1v1ty in térms of first layer conduct1v1ty - For the polar dipole

- array th1s expre381on is IR

©o n ¢ - ) n
- : X)) . E ’ (Kyp) -1
"a,="1{1‘z- Inh L2 .3/2 T2 Znh, 2.5/2]
' . n=1 14 1 ;e n=1 1+ M|
’ b ' , b d
N ) “ . ] . e (13.16) »'
This may be ekpreased as a dimensionless ratio of aa/b-Ljn terms of a,
. ) . \ - ) e , @
,dimensiénle,ssbratio, b/hl’ or ” v
' -~
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(S ~ >:s_
- ’ 0 4 x 3 " %
L8 * ) ‘ —-
. ¥ ) .
) - :‘_" . 3 2
Rt : 2 .-3/2 . 2..5/2
o : - , 2 . - -1
a r $‘ n / Zn H n » / Zn Fal .
p—z= 41 - (K,,) |'L+ ‘ ' J : +3z (K,,) [1.+ \ } )
e R/ El RN TN £ | e o
\ f . «
. 3 4 . (13:17) .
r < ’ ‘ . :
N ‘*( R , = ™4 . ' b -
: where: v, = "apparent conductivity measured at the surface of
. o T the earth in mhos/meter. B
. ¢ . A . -
.oy = conductivity of the first layer in mhos/meter.
4 ' ‘ . . -
) ’ Kl12 = reflection coefiicient at the interface between
/ . 0'1 - 0'2 .. R
v Vo ’ *layers 1 and 2, defined by —; " . -
* o, T T
- . 1 2 .
, mns =1,2,3,4,....9 =numbér of image sources of ~
' s . . . ‘current. . C -
. h1 = thickness of the first layer in meters. ' .
. b = average.electrode spacing. : ' .
From this equation a family of curves ynay be plotted which will‘'be used in . ‘
\

curve matching to arrive at the conductivity and thickness of each layer in -
a two layer earth. Such a family of curves for a polar dipole array is shown

' in Figyre '13-6. Other formulasgfor different arrays have been developed but

o /
dre not included here. T, Y .
Curve Matching - ) ' .
; : . The purpose of field surveys is Lo determine: the apparent conductivity -

of the earth to various depthg, to determine the average conductivity of the

layers, and to determink_the thickness of the layers. . .

. L ]
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From.reduced fieid data w& have app‘érer;t conductivities, Ua‘ for © .
cbrrespon\ding -electr'ode spacirigs\‘%b,). The coordmates of any point on ' A
the theoretical’ curves are b/h ‘and o /0' The f1e1d data is also plotted
~as functions of o /o'1 and b/h , with ) and h g1ven values af 1‘@ *The . o ":
techmque of curve mat:hing to det‘ermme the zhsto.al values of ) and hl ’

” will now be demonatrated. N\ ’ N . ) s 13
N o : ) ‘ :
N - . . . . . .l

. Figure 13-5 is a fictitious field curve which from :tnspection mus}

\ . ' .

b& for a three layer earth because of its three mflectmn pomts It is -

4

assumed the data was taken with a dipole array S1m.e the d1pole t;heo- -

retical curves in Figure 13—6 are for a two layer earth, we will attempt to

match only that port1on of the field curve preceding the third 1nf1ect1on : .

‘ 3
1 .
/s .
.

. point to a curve in Figure 13-6. The field and theoretical curves must, of

"+ course, be plotted on identical paper. \ o o .. .
nal Figure 13—5 is placed on top of Fiszure 13 6 and positioned’ for a best g -
»  match of curves w1fh the axes of the two figures parallel Now a cross .
. ; c - . .
is marked on the field curve (see cross #1 on ‘Figure 13-5) at thé point Coa "

overlaying the (l 1) coordmate cf the theoretical curve: The location of

.

this point on the field curve must also be the pomt where the ratios b/h I JE R

R

S and o /0' equal/} for #Ahe field data. Readmg the values from Flgure 13—5 . . oo

~,_for thg loc-%a.mon of cross #1, we have b = h =13 meters and A ’ '
- ] R
¢ = =2.2x 10 +4 mhos per meter v o : R °
a 1 i B > . - . @
’ Ve - _) ’ . .
i We can also determ;.ne the co'lduc,t1V1ty of the second layer (0'2)

K

{gince th oretical cm"ves are families of curves with the rat1o o /0'l

ag a parametler, Frém our curve matching above, we see that the field >

v

cur-v,e correspands to a theoretical curve for 0'2/0'1 =0.429. Therefore, -

13

o, = 0. 429.9’l =0.94 x 10—4- mhos per meter., .

© e ¥ .- .. o
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2, the thickness of the second layer and By the conductivity

oi the th1rd/ layer we must extepd our.theoretical development One f

' 7o find h

obvious method would be to conitruct theoretical curves_ for three layer

earths. But to do this for. all po3s.ble ron ductw*ty and layer thickness .y ’
ﬁratios would invol;/e a prodigious amount of work even with compute‘r‘= An .
a1ternate, srmpler solut1on is given he;e ‘w@'é‘place the f1rst, two layers
Wlth an equlx%ent f;Ctrtmqs layer» we then have reduced a three layer prob-

’ lem to a two layer problem whlch we can solve, is above. Th1s is basmally .

L 4 -

what we do. The deﬁnmg equat1ons for fictitious conduct1v1ty, W and Y
) fictitious depth;. hf, are e ‘
4 (. e .
o . o ° L . ’
: L “
. . .o T B e s ; )
T . . . . (13.1¢) '
and .o ’ ‘ ) _ :
- - Y h.=h +h, . ' 4 e
SN R : = (13,19) .~
- s * ¢

Figpre 13-7 18 a family of curves of’ o /o plotted as a funct'ion of hf/hl with

P

Vcr /o >and h /h as parameters Th1s "A'" curve is used if 0, >, > ¢

1 1 2 3*
Three other fam111es may becalculated for ¢ < o, <g crl > o, < o, and
_J

. -1 3’
LT .
g:%&” v, <w,o‘2 > cr3 -We may now complete the 1nterpretat1on of the f1ct1gous
=9 'C

f \ . . T
field surve, in Figure 13-5. oo
. < - .

The f1eld curve, 1s placed over the A curves with cross #} directly

. s

. over the (1, 1) coord?nate of the A curves. Then a line {s traced on the

»

AN £1eld*>curve frorr‘; the c,tilrve on the A set which ‘has ‘the Tame condoctivity
. ratio o /(r1 as was determined by the px‘ev1ous two layer interpretation. -
’ Th1s is the dashed line 6n Flgure 13- -@Je may now match the portionh of \

the curve beyond the thirgd 1n£lectlon point to an appropr1ate two layer !

theoret1ca’f\curve with the one "additional requ1rement that the crpss. (CrOb'-:
\

, #; on Figure 13-5) must fall on\pe dashed line, The coordinate\s of cross
A S » - e sf .
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or ‘o '
. ) #2 on the field curve gl,ve us the valuea of e and hf From Figure 13.5 f,‘;
a-*& . (rf =1x10 -4 mhos/meter'and hf = 550 meters, Now from equatlon (f3 19)
j "we-»may calculate h,. Thus h, = hf -'hl, 550 m - 13 m = 537 meters, o
J Since we had regluced the three layer; to a two, layer problemecomposed of

a fictitious layer and the acfual 3rd layer, the conduct1v1ty rat1o obtained

in the second two layer 1nterpretat1on can be used to calculaterg . Thus.
) ‘ . ) ¢ . \ 2\
) ) . . o. = 0. x canductivity ratio ° )
- 4 . . 3 f . v a " ! e

o

. &

PN .
‘ ) There is such a small portion of field curve be,.yond the third inflection

point that we can only say that probahly s < 56x10° -6 mhos/meter for .
1 .

N this sample problem. ~ If additional data were obtamed at larger el(.ctrnde

o

spacings, we could obtain a mare accurate value for oq- .

K It must bg stressed that to use the curves gwen here e are a,:,summg

-

hor1zonta1 layers compose? of homogeneeus, 1sotrop1c material, For N

conditions other than these considerable error would result, Furthermore, .

the theory used here is strictly valid only for DC current. The ;esults

N ‘

as long as o >> we #d dipole dimension b is small

are good, however,
. . ~ ° >
- compared to a skiw depth (6) at the frequencies used. . .
X ' .
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L 13.1.2 Experimental-Results ) .

Apnarent Conductivity as & Function of'Geologv arid Depth

4

. The interpretation otjdata obtained at Boulder, Colorado fs given
' ' ’ : .
> " - on Figure l3—8f This is in general agreement with results from wells

drilled in this area which show a layer of soil ds thin.as 3 fee;'l with

0y

sandstone extending from thatpdeoth down to 386 feet, the depth of the
. . Y, e .
- " deepest well in the immediate area. The high conductivity of the third-

. - .

layer could be caused.by a general water table .at a 70 meter depth.. It
is well known, of course, that high conductivity in non—metallic bearing )
rocks is largely due to their water content. The effect of water sat-

uration is clearly shown in Figure l4- 9—A B, and C which are profile

) . ~
. plots of conductivity. This type of data is obtained by maintaining a )

fixed electrode spacing while moving across an area of interest. Such

v - .
. + "
. -
o y
‘
.

.procedures are-extensively used in exploration and’ prospecting-

> / Ordiharily it is extremely difficult, if not impossible, to interpret T,
" regults from a four layer case. We:were very fortunate to be able to . C

o &

make an interpretation of data obtained at Pole Mountain,\Wyoming. After
- making a two layer interpretation for the curve’ out to an electrode spacing
= of 400 meters, it was noted that the apparent conductivity had approached

the qctual conductivity of the second layer. This allowed us to inter-

» pret the remaining portion af the curve as a separate three layer problem,
. »

* since we could assume the first layer had negligible effect on apparent

+

conductivity for spacingg greater than 400 meters.
lhe data presented -thus far was all obtained at 20 Hz, Measure- X

ments were mads, however, up to 16,000 Hz. and as long as the electrodg .

. N ) )
spacings were shofticompared to a skin depth in the earth, the results ,

showed no wariation in conductivity with frequency. This supporte the

<

original assumption that ¢ >> we.
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13.2 WAVE-IMPEDANCE MEASUREMENTS Ny g '
In Section 3.2.5, we established the eqﬂ%!ion for intrinsic impedance p

in a good conductor as, l

5 / jop
' [} .

" N = ) (13.20)

which can be solved for apparent conductivity N

o 2

. \ . 2 -7 H
o' = (8.". x 10 )f (13-21)
.2 EZ

- where g; is apparent conductivity as observed from measurement !of horizontal
E and H fields to distinguish it from o, (apparent conductivity observed
ffom four-terminal array measurement). Now by measuring horizonta} components

and Hh’ at different frequencies,

' ¥
of the fields at the earth's surface, Eh

we may obtain a plot of 0; versus frequency. This does not, however, indicate
a variation of the conductivity of the'material with frequency. This is a
variation of conductivity as seen by electromagnetic waves incident on the

surface. That is, the lower the frequency of the wave, the greatef is the

<
1 s

deﬁ?h of penetration; therefore, if the real conductivity o changes with _
depth, the1ap§ar9nt conductivity Wiil change witk_fyequency. Needless o

. v ! .
say, if 0. were a function of both frequency and depth it would be impossible

to- interpret the ‘curveg unless one of the functions were known.
-~ - B :f’é:;?
Assuming . is not a function of £, then a plot of mpparent conductivity

versus frequency mayfgé interpretedwy using Cagniard, 1953, Universal curves

/

’
to determine_or and thickness, h, for 2 or 3 layer problems. . |

14

To obtain accurate interpretations of field curves, it is necessary to
obtain data over 2 or 3 frequency 'decades. Since useful data‘’presenited -here

was obtained over.only a little more than 1l decade, no interpretation will

be attempted. We can, however, compate field measurements with a predicted

\/>
210




- i LY v .

.

0;’VS. £ curve based on the layer conductivities and depths as obtained

from four-terminal array measurements. . !

.

To obtain a predicted or calculated o; from a given'layered earth,

we proceed as follows. ?igure 13-11 shows a plane electromagnetic field
- B .

propagating downward into a sfhgie léyeréd gemi-infinite.earth. The
r‘ -

-

solution to Maxwell's field equations if we assume 0 *> we and u =
: 1

23

_ i 1
Y] are, . Lt %
0 _ . ‘
gt -y % - ' v,2Z y , )
Ex o 2= By (00 0T 4 BY (0, 09! : 13.22)
and ' .
< ’ -le _ Y Z ' .
H (w, Z) = H+ {w, O)e +H (w, Oje 1 (13.23)
Y Y Y Y .
’ -
\ ‘ ] ,
- ' G \
. } v
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AERES )

electric and magnetic fields at Z = 0 ané-‘E’X (w, 0) and F{“Y o 0) are the
3 . - 4 l

N ‘ 1
reflected electric and magnetic fields at Z = 0. For a semi-infinite carth ‘of

finite conductivity, however, E;( (v, 0) and H ¢ (w, 0) are'equal to zéro
and we may write".' ) . 1- . ' !
) N T G
EX (w, Z) = E(X {w,,0)e I
) . 1 .- (13.24)
and
o"_ -Y lZ .
p HY (w, Z) = }‘IY {w, O)e T .
1 : 1 . (13.25)

- N e

4’.' ’ , “"+ -
"Ex(w, 0) = Ey (v, 0) .
1 1 ’ ‘ (13.26)
and . o . 4 ' v
N N
HY (w’ 0) = H Y (U‘: 0) . *
1, | i ) (13.27)
- .. 3 ’ , * [*3
Then by definition the intrinsic impedance, nl, is v s
i EX (w, Z)
S )
. Hyl (@, 2) ) o ‘ N (13.28) ~
. e ' j
. . . ,
-and for the conditions given above e
. jwp'o "l/a v ~‘ N ' ,
welm
N ©(13.29)
o %

) . +? : zf/ C .
wherecEx (w, 0) and {w, 0) are tke franfhitted (downward pro;nggtmg)

——— - ——

——-




)

seen from the surfate is

’Exl(w, 0) 0
HYl ?w, (2)

<

and from (13.29) it is obvious

t

- o
a © (13.30)

for a single layered semi-infinite earth. Ca

For a two layered earth with the Xecond layer semi-infinite, as shown
. ?

in Figure 13-11B, we may write -

+ Y, 2 quz".

“(w, 2) = E (v, O)e +EL (0, 0)e

1 ’ 1 , (13.31)

Ex

al"ld"
; ; N -y
HY (w, Z) =‘HY (w, 0)e
1 . 1 o ' (13.32)

Y

{w’, 0) are now finite and may be expressed as
. B

where E_ (w, 0) and H
X

>

4




I ~ r - 9
K : ' : , I
. ¢ 27 .
’ 5 (S : -
C ) .
- o <& | O)E'ZY LT PR s
= W ————
. | o (@ 0)=Ey (o, s R
N \ | 1 -1 ’ 1. - (13.33)
. . I . , L, ,
and ' o . . o .
: . ' -2y ' h, - 7 -
- 1 1 2
. R A A i T
: S 1 M1 . 2 1 s .. 2 13.34) . ‘
. . . . ' R \
' \
n, - M m - . - ‘
where and ———— are the reflection coefficients. - : ¢
N, + M N, + 1 _ ‘ ~
2 1 2 1 j X
. R ‘o » - 3" ’ Ten
Substituting (13,33) and (13,34) into (13,3%) and (13,32), we get . '
V] LN
E z)=E" (0, 0) '-e-Y 1% + eYl(Z BRI X
» Xl(wl ) - Xl( H | nz + .nl
. .o ~ i13.35)
e - N
and . .
| v,z y,(z-2n) m o-n,
. + [ 1 1 1 1 2
H, (v, Z)=H, (0, 0) e +e 4 . ]
1 ) I 2t
(13.36)
~ ‘ N
% i - . . . ) . - .
" Then.at Z = (; we get ’ ' . ]
. | - . - .
! AN . . .
” 0)=E" oyl 1+R AV
“ \! EX /.(wr ) = x (4)1 ) + e\ . .
i 1 1
| E
\ * (13, 37)
i - , ' ,
| . :
A -
|
f3:° v '
. ; / .
1 I ’ :
: | Ei , -
i . 215
H“ ’ - ] ~s' * ' ‘ “, ~ : - o /‘:a},;‘
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- ! i
. - ' 28
ar;d .
' o -2y
H, (w, 0)=H_ (w, 0) |1 -Re’
’ . + " ) ’ (13038)

where ) . %
. n, - ’
- T2t +

' « - Y r
. N N, :
- o P - + N . i
. NI TN $(13.39) .
, ) -
./ < TR R
We can now selve for the apparent intrinsic impedance as
\ . . Ey (@, 0) E+X (@, 0) . -2y}h
0 = I _o 1 ".l +Re :‘ : -
- N e - K N ! N 2
. ~%a. HYl(w, 0? HFY (w, 0) : ';R b Ylhl N E
v 1 - - (13.40)
\ » ° H ¢

~ - ) -2y .h P .
: 1 o
- oo ‘ . 1T 1+Re jl . . .
' E} . ’H - nl i 'ZY 11,11 : N o
. ~ . - - ‘ 3
N . 1-Re . (13.41) -
“' § [ . . )
. .o ~ . - ) . ]
Equation ‘(1‘3.;41) may be solved for c; which gives .
t 4 ) : \.\) ’ 1
L. : , 2 P B
. - Y By L2 ST
. 0-' (w) = g Lé- R e i - R -
. < < 7 a R 1 - -.ZY lhl - . Y
.’ : . . : l1+Re 3 ' (13.42)
° . : . [ x !
¥




’—v\./ i
' 29
A r,/‘"-\
Now let ' / .
. e \ JWH "& .
’ ~P
= “’“o"l / 0%y
o Tz
a:nd ; ‘ . vo" - .
« ‘ = j2 ;
K= Aok By C S
- £ N .
L
Then we may write ’
o P e
’ N . - 2 -2l -
M l-ZRe’KcosK+Re chsZK“
oy (w) = o) : z S T3K
s a . . 1 + 2R g- -cos K + R e cos 2K-d T,

(13.43)

With this formula we may calculate g'a ag a function of frequency for any

two layered earth. ' . :?
1 -

Figure 13-12 shows field data obtained by, measuring the horizom.'at

-

components of E and H at the DECO Site near Boulder, "Colorado along with

a calculated curve of a'a vs. f for the two layered earth determmed from

N

" four- term1na1 array measurements. Obv1ously the two methods did not

yield 1dent1ca1 results although the general fgﬁpe of the curves are the same.

The d1sp1acement of the curves could conce1vab1y be caused by anlsotropxee
in the earth-which would affect the two methods differently. This is evident

when one considers that the ’condhctivity as measured by four-terrpinal

) arrays is o = '\f o, - where Ty is the COnduct1v1ty in a vertical plane

"H

and O is the apparent conductivity in a horizontal plane Whereas only

the conduct1v1ty in a hor1zonta}1 plane O'H will affect the attenuation ofﬁa

s
»

downward propagating'wave. ) ~

N
o
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13.3 INDUCED POLARIZATION (3P) B ,

In the methods previously described for measuring the electrical rroperties

of the earth, it has been assumed that these oroperties did*not cﬁange with fre-’

. o

quency.. For most earthen materials, this assumption is essentially correct. It

has been discovered however, that certainarock types, in particular sulfide ore

4 <

"minerals, exhibit a marked change in electrical properties wffhrfreq?ency. This
effect takes place at frequencies from 0.1 Hertz to 10Q Hertz.- .The detection of
this change in electrical.ptgperties with frequency'presented itself as an obvious~

'technique for'exploratfon for sulfide minerals. The‘primary method for accomplish-

dng these measuréments is known by the name of: induced polarization or over-voltage

. .

& ‘

measurements. This method has been discussed in detail by Vait, 1959~¢/“‘

For the induced polarization method, variations in the electrical properties

, 14 - .
 are studied. These variations cannot be explained in terms of the atomic or mole-

-

cular characteristics of' the material, but appear to be pinned on the overall

gtructure and crystaline makeup of the rock. The term induced polarization, of

course, refers to the polarization of the materials induced by an electric field

or -an electric current. The,polarization processes important to this effect at

’
AN Y

" these frequencies are 